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ABSTRACT 
 
     Limited turfgrass research comparing the efficiency of foliar to granular fertilizers 
exists.  To expand upon previous research and to determine advantages and 
disadvantages between dry and liquid fertilizers applied to turf, research was conducted 
at Clemson University to compare the efficiency of three nitrogen (N) carriers (100% 
granular, 100% liquid, and 50% granular + 50% liquid) using annual N rates ranging 
from 98 to 390 kg ha-1 on growth and performance of creeping bentgrass and ultra-dwarf 
bermudagrass. 
     Studies were conducted in 2003 and 2004 to evaluate liquid and/or granular N 
fertilization on turfgrass quality, clipping yield, and root biomass of L-93 creeping 
bentgrass [Agrostis palustris (Hud.)] and TifEagle bermudagrass [Cynodon dactylon (l.) 
x C. transvaalensis Burtt-Davy].  Treatments consisted of two annual nitrogen inputs, 127 
and 190 kg ha-1 for bentgrass and 190 and 254 kg ha-1 for bermudagrass, using 100% 
granular fertilizer, 50% granular + 50% liquid fertilizer, or 100% liquid fertilizer.  For 
bentgrass, the highest turfgrass quality ratings were achieved with the high N rate applied 
as 100% liquid.  Clipping yield was greatest with 100% liquid in August 2004, while 
100% granular produced greater clipping yield in August 2005.  In June, 100% liquid 
produced greater percent clipping N compared to 50% liquid + 50% granular and 100% 
granular, while in August the 100% granular produced greater percent clipping N 
compared to 100% liquid.
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     For bermudagrass, turf quality was unacceptable (<7) for the months of June, July, 
and August, however, turf quality ratings were significantly higher, 5.1, 6.5, and 5.4 
respectively, at 254 kg N ha-1 yr-1, compared to 190 kg N ha-1 yr-1.  Clipping yield was 
42, 41, and 85% greater at 254 kg N ha-1 yr-1 during June, July, and August, respectively, 
compared to 190 kg N ha-1 yr-1.  In June, percent clipping N was 23 and 18% greater with 
100% liquid and 100% granular, respectively, compared to the 50% liquid + 50% 
granular. 
     A 16 wk greenhouse study was conducted in 2004 and 2005 to supplement the 
previously mentioned field study.  All treatments provided acceptable turf quality (≥ 7).  
Clipping yield and percent clipping N were reduced when granular fertilizer was replaced 
with half or all liquid fertilizer.  Chlorophyll content, percent clipping N, and clipping 
yield increased with increasing N rate.  Root dry weight at 8-15 cm depth decreased as N 
rate increased. 
     A field study was conducted from September 2004 to September 2006 to compare the 
efficiency of three nitrogen (N) carriers (100% granular, 100% liquid, and 50% granular 
+ 50% liquid) using N rates ranging from 98 to 390 kg ha-1 on growth and performance 
of creeping bentgrass.  The lowest N level provided unacceptable (< 7) visual quality 
each year. Acceptable summer turf quality (> 7) was provided by 195 and 293 kg N ha-1, 
while visual quality for 390 kg N ha-1 was unacceptable (< 6.6).  Clipping yield, total 
percent clipping N, leaf chlorophyll content, and percent lateral regrowth (PLR) 
increased with increasing N rate.  N rate adversely affected root length density (RLD) in 
July, while seasonal differences in root dry weight and specific root length (SRL) were 
observed.  Also, SRL peaked with 50% granular + 50% liquid in September, November 
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and January.  Organic matter content increased 75% with the highest N rate.  Root TNC 
content was adversely affected by N rate, and declined 10% from March to July. 
     These results suggest a rate of 195 to 293 kg N ha-1 yr-1 as optimum for bentgrass 
shoot and root growth in the transition zone of the U.S, especially to enhance summer 
performance of L-93 creeping bentgrass.  Also, results indicated that N rates of 190 and 
254 kg N ha-1yr-1 produce unacceptable summer performance of TifEagle 
bermudagrass.  Combining both liquid and granular methods appear superior compared to 
relying on one method exclusively.
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SECTION 1 
 
INTRODUCTION 
 
 
     Fertilization supplies essential nutrients to plants to achieve desired color, density, 
growth, and pest resistance.  Highly maintained turfgrasses can survive for short periods 
without supplemental fertilization.  However, when the demands of the turf increase, 
additional fertility is needed.  Nitrogen (N) is the key element in turfgrass fertility 
programs and constitutes 3 to 5% of dry leaf tissue (McCarty, 2005; Turgeon, 2005).  It is 
the nutrient applied in the greatest quantity with respect to fertilizer; however, it is also 
the nutrient in which most plant ecosystems are deficient (Hull, 1996).  Nitrogen strongly 
influences the color, growth, and density of turfgrass; therefore, more emphasis is put on 
this particular nutrient by turf managers than the other essential nutrients. 
 
Nitrogen in Plants 
     Turfgrasses generally require more nitrogen than any other element. Nitrogen rates for 
turfgrasses are species dependent, but typically for bentgrass golf greens range from 1 to 
8 lbs N/1,000 ft2 yr-1 (39 to 390 kg N ha-1yr-1) (McCarty, 2005).  N composes 
approximately 3 to 5% of total plant dry matter, and is a mobile element within the plant 
and in the soil. In the soil, N is utilized by plants as NH4+ (ammonium) or NO3- (nitrate) 
forms with NO3- being the most abundant in soils with ideal pH and soil oxygen levels 
(Marschner, 1995) (Figure 1.1).  Nitrate is primarily absorbed through the apical zone of 
roots which comprises the meristematic region and zone of maturation, and is readily 
mobile inside plant xylem found in the maturation zone (Hull and Liu, 2005).  Once 
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inside the plant, nitrate can be stored in vacuoles of roots cells, transported to the shoots 
or reduced to ammonium and assimilated into amino acids (Bushoven 2002).  Nitrate 
must first be converted to ammonium before it can be assimilated into organic 
compounds such as amino acids (Marschner, 1995; Hull and Liu, 2005).  This process 
consists of first converting nitrate to nitrite (occurs in cytoplasm), and is then followed by 
the conversion of nitrite to ammonium (occurs in chloroplast) (Marschner, 1995).  Nitrate 
reductase (NR) enzyme mediates the nitrate to nitrite conversion, and nitrite reductase 
(NiR) mediates the conversion of nitrite to ammonium.  These enzymes are highly 
regulated and the energy requirements for nitrogen assimilation are substantial (Hull and 
Liu, 2005).  C4 species are typically more efficient nitrogen users than C3 plants primarily 
because RuBP carboxylase (the enzyme that mediates the joining of RuBP and CO2) 
functions at CO2 saturation.  However, C3 plants function at a quarter of the CO2 
saturation capacity (Marschner, 1995).  
     Unlike nitrate, ammonium and ammonia are toxic at minute concentrations in plants 
and can not be stored.  Therefore, ammonium and ammonia are detoxified by the plant 
through the production of amino acids and amides.  Ammonium can be assimilated 
through both roots and shoots, but regardless of its site of assimilation, glutamine 
synthetase and glutamine synthase are the enzymes that mediate this, resulting in the 
production of two molecules of glutamate (Marschner, 1995). 
     Besides being taken up by roots, soil ammonium can be converted to nitrate through 
nitrification, or released into the atmosphere as NH3 (ammonia gas) via volatilization.  If 
nitrate in the soil is not utilized by the plant, denitrification could also occur (incomplete 
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conversion of NH3 to NO3-) under warm, very moist conditions.  Also, nitrate could be 
leached depending on root mass, moisture content, and texture of the soil. (McCarty, 
2005).  With respect to turfgrass, the greatest route of nitrogen loss is with the removal of 
clippings.  Over time, nitrogen losses of up to 60% can be accounted for by daily clipping 
removal (Hull and Liu, 2005).  Some ecologists have concluded that approximately 61% 
of all nitrogen applied in to turf will ultimately leach into groundwater (Valiela et al., 
1997), while more detailed studies have concluded that this percentage is only around 5% 
(Petrovic, 1990). 
 
 
 
 
Fig. 1-1. The Nitrogen Cycle. Source: Low Impact Development Center, Inc., 2003. 
 
 
 
     Nitrogen serves many purposes in a plant, but its primary function is as a catalyst in 
the formation of chlorophyll (component of tetrapyrrole ring coordinated with Mg ion), 
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plant proteins (as protonated NH3+ group of amino acids, peptide bonds), and nucleic 
acids (nitrogenous base component, e.g., Uracil) (Hull, 1996).  Along with aiding 
physiological processes, proper nitrogen fertilization can positively affect turf aesthetics 
by influencing color, growth, density, carbohydrate production, and tolerance to 
environmental stresses and diseases.  Nitrogen is a mobile element, so deficiencies signal 
a shift in nitrogen transport to young foliage.  Inadequate nitrogen levels can lead to 
chlorosis and senescence of older foliage and a reduction in growth rates and tolerance to 
environmental and biological stresses (Hull, 1996).  However, excessive nitrogen levels 
can lead to reduced root and lateral shoot growth, succulent shoot growth, and cell wall 
thinning, all of which increase a plants sensitivity to the environment, diseases, and 
insects (McCarty, 2005).  
 
Nitrogen Usage: 
Cool-Season versus Warm-Season Turfgrass 
     Absorption of N in large amounts by roots stimulates translocation of N to the shoots 
and subsequently shifts the allocation of photosynthate from root growth (sugars) to shoot 
growth (amino acids).  On the other hand, when soil water NO3- levels are low, absorbed 
nitrate is assimilated into amino acids for root growth and photosynthate is converted to 
sugar and allocated to the roots (Hull, 1996).  For turfgrasses, high N absorption rates and 
N utilization occurs when plant absorption rates extend beyond N mineralization and 
solubilization rates (Hull and Liu, 2005).  Optimum NO3- absorption for cool-season 
grasses occurs early to mid-spring and late fall (Geron et al., 1993; Hesketh et al., 1995; 
Liu et al., 1997).  During summer months, soils heat up and subsequently soil water NO3- 
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levels rise even in the absence of additional fertilizer inputs. This is due to increased 
microbial activity and furthermore increases in mineralization rates. However, for cool-
season grasses, the rise in soil temperatures results in root loss and a subsequent 
reduction in NO3- absorption.  Also, at this time cool season turf can experience a 
reduction in carbohydrate reserves as N mineralization increases.  NO3- absorption will 
resume in fall when soil temperatures decrease and NO3- levels in the soil water will once 
again be depleted (Hull and Liu, 2005).  Hull and Jiang (1998), classify cool-season 
grasses as inefficient users of nitrogen because of this apparent poor ability to balance 
nitrogen supply and demand especially during summer months (Hull and Jiang, 1998).  
However, they offer tips to improve the N use efficiency of cool-season turf such as using 
water soluble sources in the spring and late fall, supplementing with slow release N 
sources in the spring, and spoon-feeding soluble N sources during the summer to improve 
recovery. 
     Much less information exists on N absorption in warm-season turfgrasses.  Unlike 
cool season turfgrasses, warm season turfgrasses are able to absorb nitrate throughout the 
year if grown in a semi-tropical environment.  When warm-season grasses are grown 
where soil temperatures fall below freezing during winter months, their root and shoot 
growth ceases resulting in poor N absorption (Hull and Liu, 2005).  
 
Nitrogen Carriers 
     Commercial nitrogen fertilizers are available in various forms including granules, 
pellets, liquids, powders, and suspensions.  Granular fertilizers range in size from a 
coarse granule (1-3 mm) to a fine micro prill (< 1 mm), and are generally the most widely 
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used form of nitrogen (McCarty, 2005).  These various sources of nitrogen are typically 
classified as quick release or as slow release fertilizers.  Quick release fertilizers (or water 
soluble) are soluble in water and are readily available for plant use, thus, they have a 
quick-fix response in plants in terms of improving shoot growth, color, and nutrient 
deficiencies.  High total N content and low cost are also advantages of quick release 
fertilizers.  Water soluble nitrogen fertilizers are available as liquids or granules with 
sources including: Urea (NH2)2CO, Ammonium Nitrate (NH4NO3), and Ammonium 
Sulfate (NH4)2SO4.  These sources however have a salt-like characteristic, which means 
they dissolve into hydrophilic cations and anions after contact with water and extract 
moisture from the foliage (McCarty, 2001).  When applied at high rates they can burn 
plant foliage, making liquid applications difficult unless with small amounts.  The salt 
index for a particular fertilizer is determined by measuring the tendency of a fertilizer to 
increase the osmotic potential of the soil solution compared to the reference material, 
sodium nitrate (McCarty, 2005) (Table 1.1).  
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Table 1.1. Salt Indices of Various Turfgrass Fertilizers (McCarty, 2005a). 
* Unit based on 20 lbs. of plant nutrients, with increasing units denoting increasing burn 
potential. 
 
 
 
     Previous research evaluated the removal of granular nitrogen and potassium fertilizers 
through mowing.  Fertilizer samples were passed through 2.8 mm, 2 mm, 1.4 mm, 1.0 
mm, 0.5 mm, and < 0.5 mm sieves for particle size analysis (Mancino et al., 2001).  The 
majority of the fertilizers were picked up by mowers two days after treatment, with 
approximately 0.5 to 23% of the potassium fertilizer being lost (Lesco Matrix 12-0-22 = 
Lesco Matrix 5-0-28 < Scotts Contec 13-2-26 < Lebanon Isotek 11-3-22 < UHS 
Signature 15-0-30) and 48 to 75% of the nitrogen lost (N-Sure Pro 30-0-0 < Isotek 11-3-
22 < UHS Signature < Nutralene 40-0-0 < Milorganite 6-2-0 < Polyon 41-0-0 < 
Isobutylenediurea 31-0-0) (Mancino et al., 2001). 
     Slow- and controlled-release (or water insoluble) fertilizers were developed to 
overcome some of the drawbacks of soluble fertilizers.  These fertilizers typically 
 Nutrient Content Salt Index/Foliar Burn Unit* 
Ammonium Nitrate 33% N 3.0 
Ammonium Sulfate 21% N, 24% S 3.3 
Calcium Nitrate 15.5% N, 20% Ca 4.1 
Urea 46% N 1.7 
DAP 18% N 20% P 1.7 
MAP 10% N, 20% P 2.7 
Superphosphate 9% P, 12% S, 22% Ca 0.4 
Triple Superphosphate 20% P, 13% Ca 0.2 
Potassium Chloride 50% K 1.9 
Potassium Nitrate 13% N, 39% K 5.3 
Potassium Sulfate 42% K, 18% S 0.9 
Sulfate of Potash Magnesia 25% K, 16% S, 6% Mg 2.0 
Epsom Salts 10% Mg, 13% S neutral 
Calcium Sulfate (Gypsum) 23% Ca, 19% S neutral 
Calcium Carbonate (Lime) 40% Ca neutral 
Dolomite 24% Ca, 12% Mg neutral 
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produce a more uniform growth response with a longer residual among plants.  In Fig. 
1.2, a comparison between the growth rates achieved with slow-release vs. quick release 
is shown.  Uniform growth response associated with slow-release fertilizers is evident, 
compared to the immediate yet short-term response observed with quick-release 
fertilizers. 
 
 
 
Time 
Increasing 
Growth
Rate
Application
Slow-Release
Quick-Release
 
Fig. 1.2. Comparison of growth response to quick vs. slow-release fertilizers 
(Emmons, 2000). 
 
 
 
Also, slow- and controlled-release fertilizers have a lower burn potential compared to 
quick release fertilizers.  A slow release rate is typically achieved by coating the granule 
or prill with sulfur, or with resin (plastic) as observed in newer formulations (McCarty, 
2005).  With sulfur-coated granules, the release of N is dependent upon the breakdown of 
the coating and the subsequent diffusion of N through cracks in the coating.  Resin, or 
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polymer, coated granules release N through osmosis.  This can occur by water 
penetrating the coating, mixing with N, and diffusing back through the coating, or 
creating enough internal pressure to cause the granule to burst releasing the N.  These 
types of slow-release granules range in N content (39-42%) and offer excellent residual 
activity.  Methylene urea, ureaformaldehyde, and isobutylenediurea are forms of 
controlled-release (or water insoluble) nitrogen fertilizers and can be applied dry or as a 
liquid, but sulfur-coated fertilizers have yet to be adapted for liquid application.  The 
major problems with these types of fertilizers are the high cost and a slow initial growth 
response in the plants (McCarty, 2005).  
     Other slow release fertilizers include organic fertilizers that rely on soil 
microorganisms to convert them to NO3.  Organic N sources include dried blood (13% 
N), dried fish meal (10% N), bat guano (8.5% N), and rapeseed (Brassica spp.) meal 
(5.5% N).  Although organic fertilizers do have low burn potentials and mostly a neutral 
effect on soil, their nutrient content are also generally very low with typically 1 to 8% N, 
0.2 to 1% P, and 0.5 to 3% K.  Cold temperatures can reduce microbial activity thus 
reducing N release by these fertilizers.  Also, many organic fertilizers, such as manures, 
pose handling problems, can introduce weeds, and can obstruct drainage, which is a vital 
in golf course maintenance (McCarty, 2005). 
 
Fertilization Techniques 
     Generally, two ways to fertilize turfgrass are: (1) through soil nutrition which targets 
root uptake; or (2) through liquid fertilization which targets foliar or root uptake.  Plants 
primarily absorb nutrients by active absorption through the roots (Marschner, 1995; 
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McCarty, 2005). Therefore, soil based (or root uptake) fertility programs are typically 
considered conventional, but are dependent upon the status of the root system. In the past 
100 years, the concept of foliar liquid fertilization has evolved.  In the late 1960s, 
ChemLawn Corp. revolutionized the lawn care industry with the application of liquid 
fertilizers.  A major advantage to liquid fertilizer applications was the ease to alter N-P-K 
grades.  Also, the products could be mixed with pesticides and/or micronutrients (if 
compatible), and applied in a single application.  Granular fertilizers were still believed 
superior by some because dry fertilizers did not produce such large growth flushes, were 
more efficiently absorbed by roots, and were safer to plants (McIver, 1990).  
     Golf course superintendents have since incorporated liquid fertilizers into their 
fertility programs as small amounts of fertilizers can easily be mixed in with pesticides 
and/or micronutrients, and applied in a single application (Simpson, 2001).  Water 
soluble fertilizers, such as urea, are often sprayed for root nutrition, while specially 
formulated foliar liquid fertilizers (termed foliar feeding) are absorbed by plant foliage 
(Anonymous, 2003).  Foliar feeding involves the entry of liquid fertilizer through the 
surface of foliage. Historically this was achieved by entry through the stomata, however 
current formulations of liquid fertilizers are able to penetrate the transcuticular pores on 
foliage (Middleton, 2001).  This method of fertilization allows for fast utilization of the 
nutrient by the plant, less energy exerted for uptake, greater uniformity of the application, 
and can provide a quick remedy for nutrient deficiencies.  A major drawback with this 
method is the inability to apply large amounts of nitrogen, phosphorous, and potassium 
without foliar burn.  Therefore, frequent applications at a low volume are required 
(McCarty, 2005). 
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     Historically, applying such small amounts (spoon-feeding) has required the use of 
liquid formulations.  Applications with low rates of a granular material often cause a 
speckling effect on the turf.  Howieson and Christians (2001) compared one liquid 
fertilizer to several formulations of granular and slow-release fertilizers.  Although the 
fertilizers did not differ in their ability to supply N to the plant, the liquid fertilizer 
consistently produced greater uniformity compared to the granular fertilizers.  Recent 
formulations, such as Novex (aminoureaformaldehyde) and Sustane/Novex (organic-
aminoureaformaldehyde) produced acceptable results however and the authors concluded 
these products were better suitable for spoon-fed application.  Some believe this lower 
input is the key for better turf management.  For example, foliar feeding in cool season 
grasses during late summer could ameliorate the lack of nutrition due to the decrease in 
shoot and root growth associated with heat-stress (Middleton, 2001).  Fu and Huang 
(2003) noted foliar applications of CaCl2 (10mM), KH2PO4 (10mM), and NH4NO3 
(124mM), at 0, 14, and 28 days of heat stress, alleviated heat stress due to reduced 
cellular oxidation in Agrostis palustris Huds. Penncross.  Others, however, believe 
granular materials are needed for a good soil-based fertility program, and liquid fertilizers 
should only be used as a supplement (Anonymous, 2003).  
     Although little information exists on comparing the efficiency of soil applied to foliar 
fertilizers among turfgrasses, previous research addresses this issue in other crops. 
Bahadur et al., (1998) noted soil applied (0.5, 1.0, 2.0 kg tree-1) and foliar applied (0.25, 
0.50, 1.0%) treatments of zinc sulfate effectively increased the zinc concentration in 
mango (Mangifera indica L.) foliage to the recommended level (≥ 20 mg kg-1), but foliar 
applied zinc was more rapid in comparison to soil applied.  In soybean (Glycine max L.) 
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saw both foliar (0.51 kg Mn ha-1) and soil applications (2.24 and 4.48 kg Mn ha-1) were 
effective in delivering manganese to the plant (Randall et al., 1975).  Ling and Silberbush 
(2002) observed in corn (Zea mays L.) that even though foliar fertilizers (0.12g N, 0.08g 
P, and 0.06g K L-1) did increase N-P-K indices, their ability to adhere to the plants in the 
early growth stages was poor.  Thus, they could only recommend foliar fertilizers as a 
supplement to soil applied sources.  In rice (Oryza sativa L.), Wilson et al., (1994) 
concluded granular urea was superior to liquid UAN (urea-ammonium nitrate solution) 
due to inefficient plant uptake of NO3-N prior to flooding.  In bermudagrass turf 
(Cynodon dactylon X C. transvaalensis L. Tifgreen), ammonium nitrate and ammonium 
sulfate (~78% recovered) were more efficiently recovered by the plant compared to urea 
(66% recovered) when applied as a solution to the soil.  Also, ammonium nitrate labeled 
as 15NO3 showed greater uptake as compared to 15NH4, particularly in clippings 
(Picchioni and Quiroga-Garza, 1999). 
 
Foliar Feeding 
     Foliar feeding is the entry of small amounts of liquid fertilizer through the surface of 
plant shoots.  This allows for rapid nutrient utilization by the plant, and also provides the 
applicator the ability of blending the fertilizer with other products such as pesticides and 
micronutrients.  Current formulations of liquid fertilizers are believed to penetrate the 
transcuticular pores on foliage, which are open virtually all the time compared to stomata 
(Middleton, 2001).  Nutrients also enter stomata, but these are often closed from 
environmental stresses and during darkness.  Also, stomata are mostly located on the 
abaxial leaf surface, and thus not readily exposed to spray application.  Drawbacks to 
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foliar feeding include the inability to apply large amounts of nitrogen, phosphorous, and 
potassium without burning the foliage.  Therefore, frequent applications at a low volume 
are required to maintain desired plant quality.  The amount of the material that actually 
penetrates the cuticle (dependent upon cuticle thickness) can vary.  Also, if the surface in 
which the material is being applied possesses hydrophobic properties, runoff can occur 
(Marschner, 1995). 
     Most research indicates that with urea, for instance, liquid and dry formulations 
produce little differences in turf growth and quality (McIver, 1990; McCarty, 2005). 
However, Tukey and colleagues observed foliar feeding accounted for 95% of plant 
nutrient use efficiency compared to approximately 10% use from soil applications 
(ODell, 2002).  In an attempt to address efficacy questions, Gaussoin conducted a study 
to compare fluid and foliar nutrition programs to conventional programs (conventional 
programs designed by select golf course superintendents in the state of Nebraska) on 
Providence creeping bentgrass.  Fluid and foliar programs were comparable to the 
conventional programs in terms of color and density while incorporating 25 to 80% less 
N (Middleton, 2001).  The author further stated foliar fertilizers should not replace the 
conventional fertilizer programs (liquids and water soluble controlled release fertilizers). 
However, true foliar fertilizers can be utilized to increase the growth and vigor in turf 
under high maintenance, especially under stress such as high heat.  Also, with the 
increased attention being placed on nitrogen and phosphorous leaching, liquid 
fertilization could be very beneficial.  The low input required by foliar applications could 
pose a smaller risk to the environment in terms of toxicities from leaching (Anonymous, 
2003). 
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Urea 
     Urea, chemical formula CO(NH2)2, is a granular fertilizer containing 46% N, and is 
also a key plant metabolite.  This fertilizer is manufactured by combining anhydrous 
ammonia with CO2 under high temperature.  In addition to being used largely as an 
agricultural fertilizer, urea is also used as a food additive in the agriculture industry.  By 
the early 1990s, urea had passed ammonium nitrate as the fertilizer of choice, and today 
it constitutes greater than 50% of the worldwide N fertilizer being used.  This makes urea 
the predominant application in crop plants. Some advantages to using urea include: 
1. Can be applied as a granular or liquid to the soil, and can also be applied to 
the foliage as a spray, 
2. In terms of flammability it is low risk, 
3. High N analysis can reduce handling, transport, and storage costs, 
4. The manufacturing process is safe to the environment, 
5. Can produce results equal to other sources of N. 
     When applied to either soil or foliage, urea is immediately broken down via an 
abundant enzyme called urease (Fig. 1.3). 
 
 
 
 
 
 
 
 
Fig. 1.3. Breakdown of urea via urease enzyme (Marschner, 1995). 
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Urease is a nickel-dependent metalloenzyme that catalyzes the conversion of urea to 
ammonium (NH4+) which is further degraded to ammonia (NH3).  This conversion is 
highly soil and buffer pH dependent.  One disadvantage of this process is the possible 
loss of N due to ammonia volatilization.  This can happen whether urea is soil applied or 
foliar applied.  If applied to the soil, it is in the best interest of the applicator to 
incorporate the urea either via tillage or irrigation, depending upon field situation.  As 
temperature, pH, and moisture increase, so does the chance for ammonia to volatilize 
(Titko et al., 1987).  Research has shown that nitrogen loss from urea can be reduced 1 to 
5% with the application of at least 1 cm of irrigation immediately after application 
(Bowman et al., 1987).  Other possible fates of urea are displayed in Fig. 1.4.  
 
 
 
 
 
 
 
 
When applied to the foliage, if the activity of the urease exceeds the rate at which the 
plant is able to take the NH4+ up, ammonia volatilization will occur. 
Fig. 1.4. Fate of soil applied urea (Toole and Morgan, 1984). 
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     Urea can be both root and foliar absorbed.  Root uptake generally occurs in the form 
of NH4+ via active and passive mechanisms, after urea has been hydrolyzed by ureases.  
However, urea can be taken up as an intact molecule even though this is an extremely 
slow process compared to NH4+ uptake.  New research has identified in Arabidopsis, the 
existence of a high-affinity urea transporter (AtDUR3) that belongs to the family of 
sodium-solute symporters (Liu et al., 2003). 
     Urea can be readily absorbed by foliage.  This is a passive/active process that involves 
diffusion across the cuticle followed by active transport across the plasma membrane.  As 
aforementioned, a disadvantage to foliar application is when urease activity exceeds plant 
uptake thus leading to accumulation of NH3.  This can lead to foliar burn and 
volatilization.  Foliar uptake is similar to root uptake in that urea can be hydrolyzed to 
NH4+ or directly incorporated.  NH4+ uptake by foliage is 10- to 20-fold greater than any 
other ion. 
     Once urea has been hydrolyzed by urease to NH4+ and further degraded to NH3, N is 
then assimilated into proteins, nucleic acids, and other N containing compounds.  This 
occurs via various ammonia assimilation pathways.  These pathways are presented in Fig. 
1.5.  
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As previously noted, urea is also an important plant metabolite. As plants recycle amino 
acids, arginine in particular, the N is converted to NH4+ and subsequently to urea.  This 
process within plants is referred to as the urea, or ornithine, cycle (Fig. 1.6). 
 
 
 
 
 
 
 
 
Fig. 1.5. Ammonia assimilation pathways (Marschner, 1995). 
Fig. 1.6. Urea, or ornithine, cycle (Sirko and Brodzik, 2000). 
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Foliar Absorption 
     Many products claim to be true foliar fertilizers and claim to solve many fertility 
problems. However, the majority of these products lack published research to substantiate 
these statements.  A primary concern is whether a true foliar absorbed fertilizer is being 
applied.  Research on banana plants (Musa sapientum L. var. Hort. Gros. Michel) 
determined whether foliar applications of urea was absorbed through foliage, or washed 
off and absorbed through roots.  Up to 65% of the foliar applied urea was absorbed 
within 25 minutes, with the majority being absorbed by the lower surface of the foliage, 
the site of greater number of stomata (Freiberg and Payne, 1957).  Similar findings were 
reported in coffee (Coffea spp.), cacao (Theobroma spp.), and McIntosh apple (Malus X 
domestica McIntosh) (Cain, 1956; Cook and Boynton, 1952).  The lower leaf surfaces 
and younger leaves rapidly absorbed urea from foliar applications as compared to older 
leaves and upper leaf surfaces.  Complete absorption of the urea occurred in coffee and 
cacao in less than 24 hr and in banana by 30 hr (Cain, 1956).  The absorption of urea by 
the lower surface of terminal McIntosh apple leaves was as high as 85% in a two hour 
absorption period, compared to the lower leaf surface of basal (older) leaves (Cook and 
Boynton, 1952).  
     Many foliar applied products also contain hidden ingredients, such as iron, not 
necessarily specified on the label.  The applicator may be satisfied with the results, but 
may not realize what is specifically providing this response (Anonymous, 2003).  One 
way to identify this is to know exactly which elements can be absorbed and moved 
through the plant.  Mobile elements such as nitrogen, magnesium, and sulfur are 
transported through phloem tissue in leaves.  Meanwhile, immobile elements such as 
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calcium and boron will not move through the phloem, thus, would not be as effective if 
applied as a foliar fertilizer.  
     Foliar, or liquid fertilization, has become a regular practice for managing ultra-dwarf 
bermudagrass and creeping bentgrass putting greens (McCarty, 2005).  Positive impacts 
on putting green quality using liquid fertilizers include low burn potential, improved 
uniformity of application and rapid plant response after application (Simpson, 2001; 
Grigg, 1999).  The decision regarding liquid or granular applications is likely to arise 
when superintendents consider agronomic issues, analyze fertilizer inventory, and plan 
future budgets.  Foliar fertilizers could be a key turfgrass management tool for optimizing 
rates and timings in different seasons, plus users have the option of incorporating other 
foliar programs such as plant growth regulators or plant protection products. 
     Several studies on both cool- and warm-season turfgrasses indicate foliar absorption is 
between 30 and 60% of the nitrogen applied (Eliot, 1960; Eliot, 1972; McCaslin and 
Watson, 1977; Rieke et al., 1982; Wesely et al., 1985; Spangenberg et al., 1986; Wesely 
et al., 1987; Bowman and Paul 1989; Bowman and Paul 1990; Bowman and Paul 1992; 
McCarty, et al., 1994).  For P and K, absorption efficiencies are even lower, between 20 
and 30% (Xie and Zhang, 2004).  The remaining nutrients may be left in the soil, lost by 
clipping removal, or held in the thatch layer as occurs with granular fertilizer.  However, 
unabsorbed liquid fertilizer would be available to turfgrasses via root absorption if 
washed into the soil solution.  Bowman and Paul (1990) reported approximately 55% of 
15N-urea applied was absorbed by tall fescue (Festuca arundinacea Schreb. Mustang) 
and Penncross creeping bentgrass leaves.  Similar results occurred among eight cool-
season turfgrasses with absorption of N ranging by cultivar from 31 to 61% over 72 hr 
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(Wesely et al., 1985).  Bowman and Paul (1989 and 1992) observed lower values in Poa 
pratensis L. and Lolium perenne L. as the absorption of applied 15N-urea ranged from 43 
and 35%, respectively, over 48 hr.  In 2002, Bowman et al. compared the nitrogen 
adsorption rates among six warm season turfgrasses.  Tifway bermudagrass exhibited the 
most efficient recovery of applied 15N in clippings (39%), while centipedegrass 
(Eremochloa ophiuroides [Munro.] Hack.) was the least efficient (5%).  Also, Tifway 
bermudagrass exhibited the greatest total 15N adsorption at approximately 84%, while 
Meyer zoysiagrass (Zoysia japonica Steud.) had the poorest at 63%.  
     Parameters influencing the absorption of foliar applied nutrients include the quantity 
of liquid applied, surface moisture on the leaf, and moisture level of the air during 
application (Marschner, 1995).  However, questions remain such as, how does long-term 
foliar applications influence turf quality, shoot growth and root growth of turfgrass 
species used for putting greens, and what are the optimum ratios and rates of foliar 
fertilizer to enhance root growth?  Previous research in McIntosh apple focused on 
parameters hindering foliar urea uptake (Cook and Boynton, 1952).  These included 
existing nitrogen levels in the foliage, pH of the spray, temperature, and the influence of 
wetting agents.  High existing nitrogen levels in the foliage and low temperatures (~21°C 
compared to 32°C) promoted best absorption.  Also, incorporating a wetting agent into 
the spray (Tween 80 and Tween 20) approximately doubled the percent of urea absorbed 
compared to a pure water solution. 
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Objectives 
     Limited turfgrass research comparing the efficiency of foliar to granular fertilizers 
exists.  To expand upon previous research and to determine advantages and 
disadvantages between dry and liquid fertilizers applied to turf, research was conducted 
at Clemson University to compare the efficiency of three nitrogen (N) carriers (100% 
granular, 100% liquid, and 50% granular + 50% liquid) using N rates ranging from 98 to 
390 kg ha-1 on growth and performance of creeping bentgrass and ultra-dwarf 
bermudagrass.  Such research could supply turf managers with knowledge needed to 
determine the effectiveness of liquid and granular fertilizer and their cost effectiveness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SECTION 2 
EFFICIENCY OF FOLIAR VERSUS GRANULAR FERTILIZATION: A FIELD 
STUDY OF L-93 CREEPING BENTGRASS [AGROSTIS STOLONIFEROUS  L. 
VAR. PALUSTRIS HUDS.] PERFORMANCE 
 
Introduction 
     Generally, turfgrasses are fertilized (1) through soil nutrition which targets root 
uptake, (2) through liquid fertilization which targets foliar and/or root uptake, or (3) with 
both methods.  Plants primarily obtain mineral nutrients by active absorption through the 
roots (Marschner, 1995; McCarty, 2005). Therefore, soil based (or root uptake) 
fertilization programs are typically considered conventional but are dependent upon the 
status of the root system.  Over the past 100 years, the development and use of foliar 
liquid fertilization has evolved.  In the late 1960s, ChemLawn Corp. revolutionized the 
lawn care industry with the application of liquid fertilizers (McIver, 1990).  Advantages 
of liquid fertilizer applications include relative quick turf color response after application 
and easy modification of nitrogen (N)-phosphorous (P)-potassium (K) ratios.  Also, 
products can be mixed with pesticides and/or micronutrients (if compatible) and applied 
as a single treatment.  A major drawback with this method is the inability to apply 
relatively large amounts of N, P, and K without foliar burn.  Therefore, frequent 
applications at low concentrations are required (McCarty, 2005).  Granular fertilizers are 
still believed to be superior by some, as certain dry fertilizers avoid undesirable growth 
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flushes, are more efficiently absorbed by roots, and reduce potential for plant 
phytotoxicity (McIver, 1990). 
     Historically, application of small nutrient amounts (spoon-feeding) utilized liquid 
formulations, since applications with low rates of a granular material often caused a 
speckling effect on turf (Howieson and Christians, 2001).  These authors compared one 
liquid fertilizer to several formulations of granular and slow-release fertilizers.  Although 
the fertilizers did not differ in their ability to supply N to the plant, the liquid fertilizer 
consistently produced better turf color and uniformity.  Formulations, such as Novex 
(aminoureaformaldehyde) and Sustane/Novex (organic-aminoureaformaldehyde), 
produced acceptable results; however, the authors concluded these products were better 
suitable for spoon-fed application (Howieson and Christians, 2001).  Proponents of liquid 
fertilizer believe lower input levels could be the key to better turf management 
(Middleton, 2001; Fu and Huang, 2003). For example, foliar feeding in cool season 
grasses could ameliorate the lack of nutrition due to the decrease in shoot and root growth 
associated with heat-stress (Middleton, 2001).  Fu and Huang (2003) noted foliar 
applications of CaCl2 (10mM), KH2PO4 (10mM), and NH4NO3 (124mM), at 0, 14, and 
28 days of imposed heat stress, alleviated heat stress symptoms due to reduced cellular 
oxidation in Penncross creeping bentgrass (Agrostis palustris Huds.).  Others, however, 
believe granular materials are needed for a good soil-based fertility program, and liquid 
fertilizers should only be used as a supplement for enhancing color (Anonymous, 2003).  
     Although little information exists comparing the efficiency of soil applied to foliar 
fertilizers among turfgrasses, previous research exists in other crops.  Bahadur et al., 
(1998) noted both soil applied (0.5, 1.0, 2.0 kg tree-1) and foliar applied (0.25, 0.50, 
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1.0%) treatments of ZnSO4 effectively increased the Zn concentration in mango 
(Mangifera indica L.) foliage to the recommended level (≥ 20 mg Zn kg-1), but foliar 
applied Zn was more rapid.  In soybean (Glycine max L.), both foliar (0.51 kg Mn ha-1) 
and soil applications (2.24 and 4.48 kg Mn ha-1) were effective in delivering Mn to the 
plant (Randall et al., 1975).  In corn (Zea mays L.), Ling and Silberbush (2002) observed 
foliar fertilizers (0.12 g N, 0.08 g P, and 0.06 g K L-1) increased N-P-K indices; however, 
the ability of foliar applied nutrients to adhere to plants in the early growth stages was 
poor.  Thus, they recommended foliar fertilizers only as a supplement to soil applied 
sources.  In rice (Oryza sativa L.), Wilson et al., (1994) concluded granular urea was 
superior to liquid UAN (urea-ammonium nitrate solution) due to inefficient plant uptake 
of NO3-N prior to flooding.  In bermudagrass (Cynodon dactylon X C. transvaalensis L. 
Tifgreen) turf, ammonium nitrate and ammonium sulfate were more efficiently 
recovered (~78%) compared to urea (~66%) when applied as a solution to the soil.  Also, 
ammonium nitrate labeled as 15NO3 appeared to have preferential uptake compared to 
15NH4 (~18% vs. ~14%), particularly in clippings and verdure (Picchioni and Quiroga-
Garza, 1999). 
     Foliar, or liquid fertilization, has become a regular practice for managing ultra-dwarf 
bermudagrass and creeping bentgrass putting greens (McCarty, 2005).  Positive impacts 
on putting green quality using liquid fertilizers include low burn potential, improved 
uniformity of application and rapid plant response after application (Simpson, 2001; 
Grigg, 1999).  The decision regarding liquid or granular applications is likely to arise 
when superintendents consider agronomic issues, analyze fertilizer inventory, and plan 
future budgets.  Foliar fertilizers could be a key turfgrass management tool for optimizing 
 25
rates and timings in different seasons, plus users have the option of incorporating other 
foliar programs such as plant growth regulators or plant protection products. 
     Several studies on both cool- and warm-season turfgrasses indicate foliar absorption is 
between 30 and 60% of the nitrogen applied (Eliot, 1960; Eliot, 1972; McCaslin and 
Watson, 1977; Rieke et al., 1982; Wesly et al., 1985; Spangenberg et al., 1986; Wesely et 
al., 1987; Bowman and Paul 1989; Bowman and Paul 1990; Bowman and Paul 1992; 
McCarty, et al., 1994).  For P and K, absorption efficiencies are even lower, between 20 
and 30% (Xie and Zhang, 2004).  The remaining nutrients may be left in the soil, lost by 
clipping removal, or held in the thatch layer as occurs with granular fertilizer.  However, 
unabsorbed liquid fertilizer could be available to turfgrasses via root absorption if washed 
into the soil solution. 
     Parameters influencing the absorption of foliar applied nutrients include the quantity 
of liquid applied, surface moisture on the leaf, and moisture level of the air during 
application (Marschner, 1995).  However, questions remain such as, how does long-term 
foliar applications influence turf quality, shoot growth and root growth of turfgrass 
species used for putting greens, and what are the optimum ratios and rates of foliar 
fertilizer to enhance root growth? 
     Additionally, reduced rates coupled with frequent applications are characteristic of 
foliar fertilization, allowing nutrient deficiency or imbalance correction within a short 
period to time and minimizing losses through leaching and runoff (Beard, 1973; McCarty 
et al., 1994; McCarty and Miller, 2002; McCarty, 2005; McCullough et al., 2006, 
Turgeon, 2005).  Foliar fertilization has also been found to reduce incidence of foliar 
diseases, such as dollar spot (Sclerotinia homoeocarpa F.T. Bennett), on creeping 
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bentgrass (Garling et al., 1999).  The overall objective of this two-year study was to 
evaluate the effects of two relatively low N fertilization rates (127 and 190 kg ha-1), 
applied as 100% granular fertilization, 50% granular + 50% foliar fertilization, or 100% 
foliar, on turf quality, rooting, and growth of L-93 creeping bentgrass located on a golf 
putting green. 
 
Materials and Methods 
     The study was conducted in 2003 and 2004 at the Clemson University Turfgrass 
Service Center, Clemson, South Carolina on a L-93 creeping bentgrass [Agrostis 
palustris (Hud.)] putting green built to USGA-specifications (sand:peatmoss = 85:15), in 
fall 2002 (USGA Green Section Staff, 1993).  L-93 bentgrass green received normal 
maintenance practices commonly used under heat stress conditions (McCarty, 2005).  
Turf was mowed at ≈ 700 h at 3.2 mm six d wk-1 with clippings removed.  Irrigation was 
applied at the onset of drought stress, to provide an average of 5 cm wk-1 in addition to 
rainfall.  Fungicides were applied on a preventative schedule for dollar spot (Sclerotinia 
homoecarpa F.T. Bennett), pythium (Pythium spp.), and brown patch (Rhizoctonia spp.) 
(McCarty, 2005).  Bentgrass was core aerified with 1.25 cm diameter tines and 5.0 cm 
spacing in April, May, and September.  After each aerification, topdressing sand 
(equivalent particle size to greens mix) was applied at a rate of 2 kg m-2 and brushed in 
by hand. 
     Treatments consisted of two annual nitrogen rates of 127 and 190 kg N ha-1 applied as 
100% granular, 50% granular + 50% liquid, or 100% liquid every 14 days from late April 
to early November.  The granular fertilizer was 18-3-18 (N:P2O5:K2O) (SGN 100; 
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LebanonTurf, Lebanon, PA 17042) (2.3% ammonical nitrogen, 4.0% urea nitrogen, 4.5% 
water insoluble nitrogen, 7.2% slowly available methylene urea polymers) analysis, and 
liquid fertilizers were a combination (50:50 in the quantity of N) of 10-3-5 (N:P2O5:K2O) 
(3.8% ammonical nitrogen, 1.9% nitrate nitrogen, 3.55% urea nitrogen, 0.75% other 
water soluble nitrogen) and 5-0-7 (N:P2O5:K2O) (0.65% ammonical nitrogen, 3.05% 
nitrate nitrogen, 1.3% urea nitrogen) (Progressive Turf Inc., Canton, GA 30114).  Liquid 
fertilizer was applied with a CO2 back pack sprayer (281 L ha-1), and the granular 
fertilizer was applied by hand in multiple directions to ensure even distribution. 
     Turf quality was visually evaluated every 14 d based on turf density, color and 
uniformity.  Turf quality was rated on the U.S. National Turfgrass Evaluation Program 
(NTEP) scale of 1 to 9 with 1 = dead turf and 9 = dark green turf, and a rating ≥ 7 
denoting acceptable turf quality.  Ratings for each plot were averaged for each season 
(spring, summer and fall) prior to analysis.  Root samples were collected in June, August, 
and October of each year using a cylinder root sampler 7.5 cm diameter x 30 cm deep.  
Two soil cores were taken per plot and stored in commercial freezers (-20°C) to stop any 
microbial activities prior to root washing.  Following washing, roots were oven dried 
(70°C for 48 hours), analyzed for total nitrogen and ashed at 500°C for 2h to obtain ash 
weight.  Clippings were harvested in June, July, and August, 13 days after the most 
recent fertilizer application, using a walk-behind greensmower with a clipping collector 
(Toro model 1000, Minneapolis, MN).  Clippings were evaluated for dry weight and total 
nitrogen.  All ashing and tissue analyses were conducted at the Clemson University 
Agricultural Service Laboratory.  Experimental design was a randomized complete block 
with three replications and 1.8 m by 1.2 m field plots.  All data were subjected to 
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ANOVA, and means were separated using LSD at a probability level of 0.05 (SAS 
Institute, 2003).  Orthogonal polynomial contrasts were used to examine changes in 
treatment response over time. 
 
Results and Discussion 
     No meaningful treatment x year interactions were detected (P > 0.05), thus results 
were pooled across years.  For root data, no interactions or main effects were detected (P 
> 0.05); therefore, results are not presented. 
 
Visual Quality 
     A significant interaction between N rate and N carrier was detected for spring, 
summer and fall visual quality.  Only the 100% liquid and 50% liquid + 50% granular 
treatments at 190 kg N ha-1 produced acceptable turf quality ratings in spring, summer, 
and fall (Table 2.1).  Also, for all N carriers at the 127 kg N ha-1, a linear decrease in 
visual quality was detected as season progressed from spring to fall (Table 2.1).  No 
change in turf quality from spring to fall was observed for N carriers at the 190 kg N ha-1. 
 
Growth 
     Differences in clipping yield were detected only during the month of August, and 
carrier*year and rate*year interactions were observed (P < 0.001).  Clipping yield in 
2005 at the 190 kg N ha-1 rate was 34% greater than with 127 kg N ha-1 and 48% greater 
compared to 2004 when no N rate difference was detected (Table 2.2).  In 2004, clipping 
yield was 25% greater with 100% liquid compared to 100% granular; however, in 2005 
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clipping yield for 100% granular was 13% and 26% greater compared to 100% liquid and 
50% liquid + 50% granular combination, respectively (Table 2.2).  Also, clipping yield 
was 65% greater in 2005 for 100% granular treatment compared to 2004 (Table 2.2). 
 
Percent Total N in Clippings 
     In June and August 190 kg N ha-1 produced ≈ 5% greater % clipping N compared to 
127 kg N ha-1 (Table 2.3).  In June, 100% liquid produced 6% and 3% greater % clipping 
N compared to 50% liquid + 50% granular and 100% granular, respectively (Table 2.3).  
However, 100% granular produced 5% greater % clipping N in August compared to 
100% liquid.   
     Similar results have been observed with foliar N applications on Park Kentucky 
bluegrass (Poa pratensis L.) and creeping bentgrass, where the highest N rate 
administered produced the highest turfgrass color and quality, clipping yield, and % N in 
clippings (Wesely et al., 1988; McCullough et al., 2005).  Shoot quality increased as N 
rate increased from 195 kg N ha-1 yr-1 to 586 kg N ha-1 yr-1 for Penncross and L-93 
creeping bentgrass; however, Crenshaw creeping bentgrass was found to be less 
responsive to additional N once the rate exceeded 391 kg N ha-1 yr-1 (Schlossberg and 
Karnok, 2001).  Overall, no significant response was observed with respect to root ash 
weight or root N content.  This contradicts findings by McCullough (2005) where 
increasing N rate to 8 kg ha-1wk-1 reduced L-93 creeping bentgrass root mass and length 
by ~ 11%.  Also, Schlossberg and Karnok (2001) reported decreasing root:shoot ratios as 
N rate increased from 195 kg N ha-1 yr-1 to 586 kg N ha-1 yr-1 for both L-93 and 
Crenshaw creeping bentgrass.  The above cited findings were for soil applied N, and 
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comparable results for foliar N applications on creeping bentgrass putting greens are 
lacking due to possible limitations on foliar N absorption and the potential for foliar burn 
at higher rates.  Lack of significant treatment differences with respect to root ash weight 
and root N content may be explained by the relatively low rates of nitrogen used in our 
study.  However, the N content of clipping ranged from 3.63 to 4.63% (Table 3) which is 
typical for creeping bentgrass putting greens, and no symptoms of nitrogen deficiency 
were observed during the two-year study. 
     The 100% liquid and 50% liquid + 50% granular treatments applied at 190 kg N ha-1 
produced acceptable turf quality ratings in spring, summer, and fall; whereas turf quality 
ratings for 100% granular applications were ≤ 7 for the high N rate (Table 2.1).  The 
difference in turf quality among application methods indicates higher N uptake efficiency 
for 100% liquid compared to 100% granular.  Explanation for why 100% foliar 
fertilization provided higher turf quality could be more uniform coverage with foliar 
fertilization than granular fertilization, or the subsequent mowing possibly removed some 
fertilizer granules (Mancino et al., 2001).  Granular fertilizers, however, require less labor 
and their slow releasing effects mean longer availability in the soil (McCarty, 2005).  
Deciding which method to use will also depend on labor, fuel, and budget conditions at 
each turf facility. 
     Future research should continue to evaluate and better understand foliar versus 
granular fertilization on other warm and cool season turfgrass species.  Other nitrogen 
sources should be evaluated, and research should be implemented to investigate foliar 
absorption of P, K, and other essential plant nutrients besides nitrogen. Also, a detailed 
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study of turfgrass leaf morphology is needed to accurately determine the dynamics of 
turfgrass foliar absorption. 
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Table 2.1 
L-93 Creeping bentgrass visual quality in response to two N rates and three N carriers 
in 2004-2005 
  Season  
N rate N carrier Spring Summer Fall Time Response 
kg N ha-1  _______________1-9______________  
127 100% liquid 7.1 6.9 6.7 L 
127 50% granular + 50% liquid 7.1 7.0 6.7 L 
127 100% granular 7.1 6.9 6.5 L 
190 100% liquid 7.5 7.5 7.5 NR 
190 50% granular + 50% liquid 7.2 7.0 7.2 NR 
190 100% granular 7.0 6.9 6.8 NR 
LSD (0.05)  0.15 0.12 0.10  
ANOVA 
Source df Significance  
N carrier 2 *** *** ***  
N rate 1 ** *** ***  
Rate*carrier 2 *** *** *  
   *** Significant at the 0.001 probability level 
   Rating based on a visual scale of 1 to 9 with 1 = the worst and 9 = the best. A rating ≥ 7 
implied acceptable turf quality 
   Within rows, L indicates a linear relationship at the 0.001 probability level; NR 
indicates that no linear relationship detected 
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Table 2.2 
L-93 creeping bentgrass clipping yield in response to two rates and three N carriers in 
August 2004 and 2005 
 Year 
N rate 2004 2005 
kg N ha-1 ___________________________gram m-2________________________ 
127 0.95 1.06 
190 0.96 1.42 
LSD  (0.05) 0.15 
N carrier   
100% liquid 1.05 1.10 
50% granular + 50% liquid 0.97 1.23 
100% granular 0.84 1.39 
LSD (0.05) 0.12 
ANOVA 
Source df Significance 
N carrier 2 NS 
N rate 1 * 
Rate*carrier 2 NS 
Carrier*year  2 ** 
Rate*year 1 ** 
   *, ** Significant at the 0.05 and 0.001 probability levels, respectively; NS = not 
significant at 0.05 level 
   Grams of oven-dried clippings m-2 
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Table 2.3 
L-93 creeping bentgrass % clipping nitrogen in response to two N rates and three N 
carriers in 2004-2005 
N rate  June July August 
kg N ha-1 ________________________________%N________________________________ 
127 4.41 4.07 3.63 
190 4.56 4.22 3.82 
LSD (0.05)  0.13 NS 0.09 
N carrier    
100% liquid 4.63 4.26 3.63 
50% granular + 50% liquid 4.38 4.00 3.73 
100% granular 4.45 4.18 3.82 
LSD (0.05)  0.16 NS 0.10 
Source df Significance 
N carrier 2 * NS * 
N rate 1 * NS *** 
Rate*carrier 2 NS NS NS 
   *, *** Significant at the 0.05 and 0.001 probability levels, respectively; NS = not 
significant at 0.05 level 
   %N = Percent total nitrogen in clippings
SECTION 3 
EVALUATION OF FOLIAR FERTILIZATION PRACTICES ON ROOTING, COLOR 
AND GROWTH OF TIFEAGLE BERMUDAGRASS [CYNODON DACTYLON (L.) 
X C. TRANSVAALENSIS BURTT-DAVY] 
 
Introduction 
     Foliar fertilization has become a common practice for superintendents managing both 
ultra-dwarf bermudagrass and creeping bentgrass putting greens (McCarty, 2005).  Golf 
course superintendents have experienced many positive impacts on putting green quality 
using liquid fertilizers (Simpson, 2001; Grigg, 1999).  Various amounts (35 to 60% 
depending on grass species) of liquid N fertilizer can be absorbed directly by leaves, 
which is especially important when the plants root system is limited from environmental 
stress (Marschner, 1995; Bowman and Paul 1989, 1990, 1992).  Reduced rates coupled 
with frequent applications are characteristic with foliar application, allowing nutrient 
deficiency or imbalance correction within a short period to time and minimizing losses 
through leaching and runoff (Beard, 1973; McCarty et al., 1994; McCarty and Miller, 
2002; McCarty, 2005; McCullough et al., 2006, Turgeon, 2005).  Foliar fertilization has 
also been reported to reduce incidence of foliar diseases, such as dollar spot (Sclerotinia 
homoeocarpa F.T. Bennett), on creeping bentgrass (Garling et al., 1999). 
     Parameters influencing the absorption of foliar applied nutrients include the quantity 
of liquid applied, surface moisture on the leaf, and moisture level of the air during 
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application (Marschner, 1995).  However, questions remain such as, how does long-term 
foliar applications influence root growth of turf species used for putting greens, and what 
are the optimum carrier ratios and rates of foliar fertilizer to enhance root growth? 
     The overall objective of this study was to determine effects of two rates of N 
fertilization on TifEagle bermudagrass turf quality, rooting, and growth when applied as 
100% granular, 50% granular + 50% foliar, or 100% foliar.   
 
Materials and Methods 
     The study was conducted at the Clemson University Turfgrass Service Center, 
Clemson, South Carolina on USGA-specification TifEagle bermudagrass [Cynodon 
dactylon (l.) x C. transvaalensis Burtt-Davy] putting green built to USGA-specifications 
(sand:peatmoss = 85:15), in fall 2002 (USGA Green Section Staff, 1993).  TifEagle 
received normal maintenance practices observed during summer months in the transition 
zone (McCarty, 2005).  Turf was mowed at ≈ 700 h at 3.2 mm six d per week with 
clippings removed.  Irrigation was applied at the onset of drought stress to provide an 
average of 5 cm wk-1 in addition to rainfall.  Bermudagrass was core aerified with 1.25 
cm diameter tines and 5.0 cm spacing in June, July, and August.  After each aerification, 
topdressing sand (equivalent particle size to greens mix) was applied at a rate of 2 kg m-2 
and brushed in by hand. 
     Treatments consisted of two annual nitrogen rates of 190 and 254 kg N ha-1yr-1 
applied as 100% granular, 50% granular + 50% liquid, or 100% liquid every 14 days 
from late April to early November.  The granular fertilizer was 18-3-18 (N:P2O5:K2O) 
(SGN 100; LebanonTurf, Lebanon, PA 17042) (2.3% ammonical nitrogen, 4.0% urea 
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nitrogen, 4.5% water insoluble nitrogen, 7.2% slowly available methylene urea polymers) 
analysis, and liquid fertilizers were a combination (50:50 in the quantity of N) of 10-3-5 
(N:P2O5:K2O) (3.8% ammonical nitrogen, 1.9% nitrate nitrogen, 3.55% urea nitrogen, 
0.75% other water soluble nitrogen) and 5-0-7 (N:P2O5:K2O) (0.65% ammonical 
nitrogen, 3.05% nitrate nitrogen, 1.3% urea nitrogen) (Progressive Turf Inc., Canton, GA 
30114).  Liquid fertilizer was applied with a CO2 back pack sprayer (281 L ha-1), and the 
granular fertilizer was applied by hand in multiple directions to ensure even distribution. 
     Turf quality was visually evaluated every 14 d based on turf density, color and 
uniformity.  Turf quality was rated on the U.S. National Turfgrass Evaluation Program 
(NTEP) scale of 1 to 9 with 1 = dead turf and 9 = dark green turf, and a rating ≥ 7 
denoting acceptable turf quality.  Ratings for each plot were averaged across each season 
(spring, summer and fall) prior to analysis.  Root samples were collected in June, August, 
and October of each year using a cylinder root sampler 7.5 cm diameter x 30 cm deep.  
Two soil cores were taken per plot and stored in commercial freezers (-20°C) to stop any 
microbial activities prior to root washing.  Following washing, roots were oven dried 
(70°C for 48 hours), analyzed for total nitrogen and ashed at 500°C for 2h to obtain ash 
weight.  Clippings were harvested in June, July, and August, 13 days after the most 
recent fertilizer application, using a walk-behind greensmower with a clipping collector 
(Toro model 1000, Minneapolis, MN).  Clippings were evaluated for dry weight and total 
nitrogen.  All ashing and tissue analyses were conducted at the Clemson University 
Agricultural Service Laboratory.  Experimental design was a randomized complete block 
with three replications and 1.8 m by 1.2 m field plots.  All data were subjected to 
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ANOVA, and means were separated using LSD at a probability level of 0.05 (SAS 
Institute, Cary, NC). 
 
Results and Discussion 
     No meaningful treatment x year interactions were detected (P > 0.05), thus results 
were pooled across years.  For root data, no interactions or main effects were detected (P 
> 0.05); therefore, root data will not be presented. 
 
Visual Quality 
     Turf quality was unacceptable (<7) for all treatments in June, July, and August.  
However, turf quality was significantly higher each month with 254 kg N ha-1yr-1 
compared to 190 kg N ha-1yr-1 (Table 3.1).  Also, in July, 100% liquid and 50% liquid + 
50% granular forms produced higher turf quality ratings, ≈6.5, compared to 100% 
granular.  A reason for this could be that foliar fertilization provided more uniform 
coverage than granular fertilization, or mowing following granular applications might 
have removed some fertilizer granules. 
 
Clipping Yield and Percent Total N 
     Clipping yield was 42%, 41%, and 85% greater at 254 kg N ha-1yr-1 during June, July, 
and August, respectively, compared to 190 kg N ha-1yr-1 (Table 3.2).  N carrier had no 
effect on bermudagrass clipping yield.  During the month of June, percent clipping N was 
greatest with 100% liquid and 100% granular forms, 23% and 18% respectively, 
compared to the 50% liquid + 50% granular form. 
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     Overall, with all treatments unacceptable bermudagrass turf quality was observed in 
June, July, and August.  Root ash weight or root N content was not influenced by N rate 
or form.  Lack of significant treatment differences with respect to root ash weight and 
unacceptable visual quality in June and August could be a result of the low rates of 
nitrogen used.  Typical N use rates for ultra-dwarf bermudagrass greens in the transition 
zone of the U.S., range from 390 to 586 kg N ha-1yr-1 (McCarty, 2005).  As expected, 
clipping yield was significantly greater at 254 kg N ha-1yr-1, compared to 190 kg N ha-1yr-
1 during June, July, and August.  N carrier had no effect on clipping yield.  Percent 
clipping N was greatest with 100% liquid and 100% granular forms, during the month of 
June, compared to the 50% liquid + 50% granular form (Table 3.3).  
     Granular fertilizers require less labor and their slow release property mean longer 
availability in the soil than liquid fertilizers.  Deciding which method to use will also 
depend on labor, fuel, and budget conditions at each golf course.  Our recommendations 
are to combine both methods rather than relying on one method exclusively.  During 
summer months, liquid fertilization at low rates with high frequency is recommended to 
prevent foliar burn.  During fall and early spring growing seasons, a slow release granular 
fertilizer provides an economic alternative.  For soils with lower P concentration or acidic 
conditions, granular P application is recommended to efficiently correct the problem of P 
deficiency. 
     Future research should continue to evaluate and better understand foliar vs. soil-
applied fertilization in fine turf. Also, research should be implemented concerning foliar 
absorption of P, K, and several other essential plant nutrients besides nitrogen. Finally, a 
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detailed study of turfgrass leaf morphology is needed to accurately determine the 
dynamics of turfgrass foliar absorption. 
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Table 3.1 
TifEagle bermudagrass visual quality in response to two N rates and three N carriers in 
2004-2005 
Rate June July August 
kg N ha-1 ________________________Visual Quality (1-9)____________________ 
190 4.8b 6.3b 5.0b 
254 5.1a 6.5a 5.3a 
LSD (0.05) 0.28 0.10 0.13 
N Carrier    
100% Liquid 5.0 6.4a 5.2 
50%Liquid + 50% Granular 5.1 6.5a 5.2 
100% Granular 4.9 6.2b 5.0 
LSD (0.05) NS 0.13 NS 
Source df Significance 
N carrier 2 NS *** NS 
N rate 1 * ** * 
Rate*carrier 2 NS NS NS 
   *,**,*** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
   Rating based on a visual scale of 1 to 9 with 1 = the worst and 9 = the best. A rating ≥ 7 
implied acceptable turf quality 
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Table 3.2 
TifEagle Bermudagrass clipping yield in response to two N rates in 2004-2005 
Rate June July August 
kg N ha-1 __________________________________grams m-2________________________________
190 0.74b 0.85b 0.27b 
254 1.05a 1.20a 0.50a 
LSD (0.05) 0.47 0.37 0.10 
Source df Significance 
N carrier 2 NS NS NS 
N rate 1 ** *** *** 
Rate*carrier 2 NS NS NS 
   **, *** Significant at the 0.01 and 0.001 probability levels, respectively; NS = not 
significant at 0.05 level 
   Grams of oven-dried clippings m-2 
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Table 3.3 
TifEagle bermudagrass % clipping nitrogen in response to three N carriers in 2004-
2005 
N Carrier June July August 
 _________________________________%N___________________________ 
100% Liquid 2.89a 3.45 3.77 
50% Liquid + 50% Granular 2.35b 3.45 3.69 
100% Granular 2.77a 3.26 3.70 
LSD (0.05) 0.35 NS NS 
Source df Significance 
N carrier 2 * NS NS 
N rate 1 NS NS NS 
Rate*carrier 2 NS NS NS 
   * Significant at the 0.05 probability level; NS = not significant at 0.05 level 
   %N = Percent nitrogen in clippings 
SECTION 4 
FOLIAR VERSUS GRANULAR FERTILIZATION:  A GREENHOUSE STUDY 
EVALUATING LONG-TERM RESPONSE OF CREEPING BENTGRASS [AGROSTIS 
STOLONIFEROUS  L. VAR. PALUSTRIS HUDS.] 
 
Introduction 
     Fertilization supplies essential nutrients to turfgrasses to achieve desired color, 
density, growth, and pest resistance.  Highly maintained turfgrasses can survive for short 
periods without supplemental fertilization; however, as expectations of the turf increase, 
additional fertility is needed.  Nitrogen (N) is the key element in turfgrass fertility 
programs.  Nitrogen strongly influences color, growth, and density of turfgrass; therefore, 
emphasis is put on this particular nutrient by turf managers.  Nitrogen rates for 
turfgrasses are species dependent, but typically for bentgrass golf greens range from 49 to 
391 kg N ha-1yr-1 (McCarty, 2005) 
     Generally, turfgrass is fertilized one of two ways: (1) through granular nutrition which 
targets root uptake or (2) through liquid fertilization which targets foliar and/or root 
uptake.  Little information exists, however, on comparing the efficiency of granular and 
liquid fertilizers for turfgrasses.  Also, many products claim to be true foliar absorbed 
fertilizers, yet the majority of these products lack peer-reviewed research to substantiate 
these statements (Anonymous, 2003).  As golf courses have shifted to predominantly 
liquid fertilizer programs, a subsequent rise in complaints concerning poor cool-season 
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grass performance during mid to late summer months has occurred in the Southeastern 
US (McCarty, 2005).  A primary concern is whether a completely liquid based fertilizer 
program is effective in providing acceptable long-term turfgrass quality.  
     Water soluble fertilizers, such as urea, are often sprayed for root absorption, while 
specifically formulated foliar liquid fertilizers (termed foliar feeding) are absorbed 
through plant foliage (Anonymous, 2003; Marschner, 1995).  Entrance of foliar applied 
nutrients into plants has been thought to occur only through stomata.  However, it has 
been recently suggested that current formulations of liquid fertilizers are able to penetrate 
the transcuticular pores on foliage (Middleton, 2001).  Foliar fertilization allows for 
expedient nutrient utilization by the plant, less energy exerted for uptake, greater 
uniformity of application, and can provide a quick remedy for nutrient deficiencies 
(McCarty, 2005).  A major drawback with foliar feeding is the inability to apply large 
amounts of nitrogen, phosphorous, and potassium without foliar burn.  Therefore, 
frequent applications at a low rate are required (McCarty, 2005).  
     Foliar feeding can be a very important method for providing nutrition, especially when 
the root system is experiencing stress.  However, the efficiency of foliar absorption by 
turfgrass species is highly variable and has been reported to range from 35 to 60% 
(Bowman and Paul 1989, 1990, 1992; Bowman et al., 2002; Wesely et al., 1985; 
Marschner, 1995).  Numerous studies comparing efficiency of foliar and soil applied 
nutrients have been conducted in other crops.  Bahadur et al., (1998) noted soil applied 
(0.5, 1.0, 2.0 kg tree-1) and foliar applied (0.25, 0.50, 1.0%) treatments of ZnSO4 
effectively increased the Zn concentration in mango (Mangifera indica L.) foliage to the 
recommended level (≥ 20 mg kg-1), but foliar applied Zn was more rapid in comparison 
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to soil applied.  In soybeans (Glycine max L.), both foliar (0.51 kg Mn ha-1) and soil 
applications (2.24 and 4.48 kg Mn ha-1) effectively delivered Mn to the plant (Randall et 
al., 1975).  In corn (Zea mays L.), Ling and Silberbush (2002) observed that foliar 
fertilizers (0.12 g N, 0.08 g P, and 0.06 g K L-1) increased N-P-K indices, but noted 
fertilizer adherence in the early growth stages was poor.  Thus, they recommended foliar 
fertilizers be used only as a supplement to soil applications.  In rice (Oryza sativa L.), 
Wilson et al., (1994) concluded granular urea was superior to urea-ammonium nitrate 
solution (UAN) due to inefficient plant uptake of NO3-N prior to flooding.  In 
bermudagrass turf (Cynodon dactylon X C. transvaalensis L. Tifgreen), 78% of 
ammonium nitrate and ammonium sulfate was recovered from plant tissue when applied 
as a solution to the soil as compared to only 66% recovery for urea (Picchioni and 
Quiroga-Garza, 1999).  Also, ammonium nitrate labeled as 15NO3 showed greater uptake 
as compared to 15NH4, particularly in clippings.  Howieson and Christians (2001) 
compared one liquid fertilizer to several formulations of granular and slow-release 
fertilizers.  Although the fertilizers did not differ in their ability to supply N to the plant, 
the liquid fertilizer consistently produced greater uniformity compared to the granular 
fertilizers. 
     If a sound soil-based fertility program is coupled with timely foliar applications, the 
potential to produce high quality turfgrass with minimal rates should increase.  To expand 
upon previous turf research comparing granular and liquid fertilizers, this research was 
conducted to (1) compare efficiency of 100% granular, 100% liquid, and 50% granular + 
50% liquid fertilizer programs and (2) evaluate long-term responses (e.g., turf color, 
density, rooting) to annual N rates ranging form 98 to 390 kg ha-1. 
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Materials and Methods 
     Sixteen week greenhouse experiments were conducted from February to May of 2004 
and 2005 at the Clemson University Greenhouse Research Complex, Clemson, S.C. 
Greenhouse growing conditions provided 23°C/19°C daytime/nighttime temperatures and 
approximately 10 h of sunlight daily.  Treatments consisted of the 12 factorial 
combinations of three N carriers (100% granular, 50% granular + 50% liquid, and 100% 
liquid) and four N rates (98, 195, 293, and 390 kg ha-1yr-1) with applications made every 
14 d over a 16 wk period. 
     L-93 creeping bentgrass (Agrostis palustris Huds.) plugs 15.2 cm diameter x 10.2 
cm deep were harvested from a Clemson University turfgrass research plot in December 
of 2003 and 2004.  Turf plugs were washed free of soil, and roots trimmed to 5 cm below 
the thatch layer.  Plugs were transplanted into 15.2 cm diameter x 41 cm deep poly-vinyl 
chloride lysimeters.  Lysimeters were constructed to USGA specifications (USGA Green 
Section Staff, 1993) to simulate field conditions.  The 85%:15% sand and peat mixture 
consisted of 6% course sand (0.5 to 1.0 mm), 30% medium sand (0.25 to 0.50 mm), 48% 
fine sand (0.1 to 0.25 mm), and 16% very fine sand (< 0.1 mm).  One gram of 9-18-17 
starter fertilizer (4.1 kg N-0.04 kg P-0.06 kg K, plus 4% Ca, 2% Mg, and 7% Fe) was 
mixed into soil prior to planting.  
     After potting, turf was allowed to establish for 6 wk prior to initial treatment.  
Bentgrass was mowed at 3.2 mm daily using a Wahl Professional Showcut electric hand 
shear (Wahl Clipper Corp., Sterling, IL 61081), and irrigated daily to prevent wilt.  Two 
forms of fertilizers were evaluated: 1) water soluble urea fertilizer 46-0-0 applied as a 
liquid and 2) water soluble granular urea fertilizer 46-0-0 applied by hand.  The liquid 
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fertilizer was applied using a greenhouse spray cabinet (Devries Manufacturing, 
Hollandale, MN) delivering 281 L/ha, while the granular fertilizer was shaken out 
uniformly over the turf surface by hand.  To minimize local environment variation, 
blocks were rotated weekly and experimental units re-randomized within each block. 
     Visual quality based on turf color and density were rated on a scale from 0 (poor) to 9 
(excellent), with ratings ≥ 7 implying acceptable turf quality, on a 14 day interval. 
Clippings were harvested at 8 and 16 wk, analyzed for nutrient content and oven-dried at 
80°C for 72 hr for dry weight measurement.  Leaf chlorophyll was determined at 16 wk 
on a fresh weight basis using dimethyl sulfoxide extraction and light absorbance 
measurements obtained with a Beckman DU-64 spectrophotometer (Beckman DU-64, 
Beckman Instrument Inc., Fullerton, CA) at 645 and 663 nm.  Chlorophyll content was 
determined by the following formula (Arnon, 1949): 
(20.2 * D645 + 8.02 * D663) * 0.1 = g chlorophyll kg-1 tissue 
     At the end of each study, root samples were obtained from each lysimeter with a 
standard soil probe, and total nonstructural carbohydrates (TNC) of root tissue measured.  
Four samples were obtained per lysimeter prior to sunrise to minimize diurnal 
fluctuations in carbohydrates (Westhafer et al., 1982).  TNC was determined by using 
Nelsons Assay, which quantifies the reducing sugars, glucose and fructose, in plants 
(Nelson, 1944; Somogyi, 1945).  Two reagents were added to the samples for this 
purpose.  Absorbance and TNC (mg TNC g-1 dried tissue) were calculated by using a 
Beckman DU-64 spectrophotometer set to an absorbance value at 520 nm to predict 
glucose concentration from a standard curve. 
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     The remainder of the turf plug from each lysimeter was used for root length 
measurements and dry weight analysis.  Roots were harvested at 16 wk, dried at 80°C for 
72 hr, and weighed.  Root length was determined by measuring the distance from were 
roots where no longer present in the soil profile to the top of the lysimeter.  
     Each experiment was conducted in a randomized complete block design with four 
replications.  Data were subjected to ANOVA to determine whether treatment effects 
were consistent for the two yr and examine interaction and main effects for the treatment 
factors. N carrier means were compares using Fishers protected LSD with α = 0.05 and 
N rate effects were examined using orthogonal polynomial contrasts with a probability 
level of 0.05 (SAS Institute, 2003). 
 
Results and Discussion 
     No treatment by year interactions were observed (P > 0.05), so data for 2004 and 2005 
were pooled.  No significant interactions between N carriers and rates were detected (P > 
0.05); therefore, main effects for each treatment factor were examined.  All treatments 
provided acceptable visual quality, and no differences among treatments were detected (P 
> 0.05) for visual quality, root TNC, or root length. 
 
N carrier 
     Differences among N carriers were detected for clipping yield and percent clipping N 
at 8 and 16 wk (P < 0.05) (Table 4.1).  Clipping yield was reduced when granular 
fertilizer was replaced with either half or all liquid fertilizer.  At 8 wk, the 50% liquid + 
50% granular combination and 100% liquid produced 25 and 54% lower clipping yields, 
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respectively, than the 100% granular, while at 16 wk, reductions were 17 and 33%, 
respectively.  Percent clipping N was also reduced when granular fertilizer was replaced 
with either half or all liquid fertilizer.  At 8 wk, the 50% liquid + 50% granular 
combination and 100% liquid produced 12 and 20% lower percent clipping N, 
respectively, than the 100% granular, while at 16 wk, 100% liquid produced 7% lower 
percent clipping N than the 100% granular. 
     Historically, response to fertilizer carrier, or type, has been specific to species or 
environment.  Steinke and Stier (2003) observed greater turf quality response to liquid 
urea in creeping bentgrass, while Kentucky bluegrass (Poa pratensis L.) visual quality 
responded better to granular urea (46-0-0) at 12 kg ha-1.  Also, supina bluegrass (Poa 
supina Schrad.) favored granular N in the spring and foliar N with respect to visual 
quality in the mid summer months (Steinke and Stier, 2003).  In Park Kentucky 
bluegrass, Wesely et al., (1988) found that exclusive applications of liquid urea (45-0-0) 
increased turf color and quality, dry matter, and percent total N as N rate increased from 
0 to 3.2 g N m-2. 
 
N rate 
     N rate affected percent clipping N at 8 and 16 wk and chlorophyll content, clipping 
yield, and root dry weight (8-15 cm depth) at 16 wk (P < 0.05) (Table 4.2).  At 8 and 16 
wk, percent clipping N was 29 and 11% greater, respectively, for 390 kg N ha-1 yr-1 
compared to 98 kg N ha-1.  Chlorophyll content at 16 wk increased from 3.68 to 4.28 g 
kg-1 tissue as N rate increased from 98 to 390 kg N ha-1 yr-1.  Clipping yield at 16 wk was 
56% greater for 390 kg N ha-1 yr-1 compared to 98 kg N ha-1 yr-1.  At 16 wk, root length 
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at the 8 to 15 cm depth decreased 63% for 390 kg N ha-1 yr-1 compared to 98 kg N ha-1 yr-
1. 
     Similar results have been observed with foliar N applications on Park Kentucky 
bluegrass (Poa pratensis L.) and creeping bentgrass, where the highest N rate 
administered produced the highest turfgrass color and quality, clipping yield, and percent 
clipping N in clippings (Wesely et al., 1988; McCullough et al., 2005).  Shoot quality 
increased as N rate increased from 195 kg N ha-1 yr-1 to 586 kg N ha-1 for Penncross and 
L-93 creeping bentgrass; however, Crenshaw creeping bentgrass was found to be less 
responsive to additional N once the rate exceeded 391 kg N ha-1 (Schlossberg and 
Karnok, 2001).  McCullough (2005) reported as N rate increased to 8 kg ha-1wk-1, L-93 
creeping bentgrass root mass and length were reduced ~ 11%, respectively.  Also, 
Schlossberg and Karnok (2001) reported decreasing root:shoot ratios as N rate increased 
from 195 kg N ha-1 yr-1 to 586 kg N ha-1 yr-1 for both L-93 and Crenshaw creeping 
bentgrass.  The above cited findings were based on soil applied N and results of foliar 
applied N in greater ranges of N on creeping bentgrass putting greens are still lacking due 
to possible limited foliar N absorption and potential for foliar burn at higher rates.  
Decreased root length with increasing rate of N could be explained by the amount of 
energy needed by the plant to assimilate higher N rates.  Greater energy expenditure with 
respect to N assimilation will result in less carbohydrates being allocated to roots for 
growth (Butler, 2006). 
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Conclusions 
     These results suggest a rate between 195 and 293 kg N ha-1 yr-1 is optimum for 
bentgrass growth in the transition zone of the U.S.  Combining both liquid and granular 
methods appear to provide superior creeping bentgrass growth and performance 
compared to relying on one method exclusively.  Foliar fertilization provides more 
uniform coverage than granular fertilization, and mowing after granular applications 
might remove a portion of the granular fertilizers.  Granular fertilizers require less labor 
and their slow release property provide longer availability in the soil liquid fertilizers, 
particularly for creeping bentgrass putting greens (McCarty, 2005).  Deciding which 
method to use will also depend on the labor, fuel, and budget conditions at each golf 
course.  During the summer months, foliar fertilization at low rates with high frequency is 
highly recommended to prevent foliar burn (McCarty, 2005).  During fall and early 
spring growing seasons, a slower release granular fertilizer provides an economic 
alternative.  Future research should continue to evaluate and better understand foliar vs. 
soil-applied fertilization in fine turf.  Also, research should be implemented to study the 
foliar absorption of P, K, and other essential plant nutrients.  Finally, a detailed study of 
turfgrass leaf morphology is needed to accurately determine the dynamics of turfgrass 
foliar absorption. 
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Table 4.1. Response of L-93 creeping bentgrass clipping yield and % clipping N 
to three N carriers in 2004-2005. 
  Clipping yield Clipping N 
N carrier  8 wk 16 wk 8 wk 16 wk 
  __________g lysimeter-1________ _______________%_____________ 
100% granular 0.24 0.30 4.74 4.69 
50% granular + 50% liquid 0.18 0.25 4.17 4.67 
100% liquid 0.11 0.20 3.80 4.38 
LSD (0.05) 0.05 0.04 0.25 0.30 
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Table 4.2. Response of L-93 creeping bentgrass % clipping N, chlorophyll, 
clipping yield, and root dry weight to four N rates, 2004-2005. 
 
Clipping N Chlorophyll Clipping yield Root dry wt. 
N rate 8 wk 16 wk 16 wk 16 wk 16 wk 
kg ha -1 ________%_________ g kg-1 g lysimeter-1 g lysimeter-1 
98 3.67 4.42 3.68 0.20 0.112 
195 4.05 4.57 3.89 0.24 0.065 
293 4.48 4.43 3.94 0.25 0.045 
390 4.74 4.89 4.28 0.31 0.041 
Rate response Significance 
Linear *** * ** *** * 
Quadratic NS NS NS NS NS 
Deviations NS NS NS NS NS 
*, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
 At 8-15 cm depth. 
 
SECTION 5 
A LONG-TERM FIELD EVALUATION COMPARING LIQUID VS. GRANULAR 
NITROGEN FERTILIZATION ON CREEPING BENTGRASS [AGROSTIS 
STOLONIFEROUS  L. VAR. PALUSTRIS HUDS.] PERFORMANCE 
 
Introduction 
     Fertilization supplies essential nutrients to turfgrasses to achieve desired color, 
density, growth, and pest resistance.  Highly maintained turfgrasses can survive for short 
periods without supplemental fertilization, however, when the demands on the turf are 
increased, additional fertilizer input is needed.  Nitrogen (N) is the most needed element 
in turfgrass fertility programs.  Nitrogen strongly influences color, growth, and density of 
turfgrass, therefore emphasis is put on this particular nutrient by turf managers.  Nitrogen 
rates for turfgrasses are species dependent, but typically for bentgrass golf greens range 
from 39 to 311 kg N ha-1yr-1 (McCarty, 2005). 
     Generally, turfgrass is fertilized one of two ways: (1) through soil nutrition which 
targets root uptake or (2) through liquid fertilization which targets foliar and/or root 
uptake.  However, little information exists on comparing the efficiency of soil applied to 
foliar fertilizers among turfgrasses.  Also, many products claim to be true foliar fertilizers 
and can solve common fertility problems.  However, the majority of these products lack 
published research to substantiate these statements.  As golf courses have shifted to 
predominantly liquid based fertilizer programs, a subsequent rise in complaints 
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concerning poor cool-season grass performance during mid to late summer months have 
occurred in the Southeast (McCarty, 2005).  A primary concern is whether a completely 
liquid based fertilizer program is effective in providing acceptable long-term turfgrass 
quality.  
     Water soluble fertilizers, such as urea, are often sprayed for root nutrition, while 
specifically formulated foliar liquid fertilizers (termed foliar feeding) are absorbed 
through plant foliage (Anonymous, 2003).  Entrance of foliar applied nutrients into plants 
has historically believed to occur through stomata.  However, it has been more recently 
suggested that current formulations of liquid fertilizers are able to penetrate the 
transcuticular pores on foliage (Middleton, 2001), but this has yet to be determined.  
Foliar fertilization allows for expedient nutrient utilization by the plant, less energy 
exerted for uptake, greater uniformity of application, and can provide a quick remedy for 
nutrient deficiencies (McCarty, 2005).  A major drawback with this method is the 
inability to apply large amounts of nitrogen, phosphorous, and potassium without foliar 
burn.  Therefore, frequent applications at low rates are recommended (McCarty, 2005).  
Urea applied as a foliar spray has been used in various agricultural and horticultural crops 
because it has such high water solubility and is quickly absorbed which reduces the 
potential for nutrient loss and foliar burn (Wesely et al., 1988). 
     Although little information exists on comparing the efficiency of soil applied to foliar 
fertilizers among turfgrasses, various amounts of fertilizer (35 to 60% depending on grass 
species) can be absorbed directly by leaves (Bowman and Paul 1989, 1990, 1992; 
Bowman et al., 2002; Wesely et al., 1985; Marschner, 1995).  Foliar feeding can be an 
important tool to provide nutrition when the root system is experiencing stress.  In other 
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crops, Bahadur et al., (1998) noted soil applied (0.5, 1.0, 2.0 kg tree-1) and foliar applied 
(0.25, 0.50, 1.0%) treatments of ZnSO4 effectively increased the Zn concentration in 
mango (Mangifera indica L.) foliage to the recommended level (≥ 20 mg kg-1), but foliar 
applied Zn was more rapid in comparison to soil applied.  In soybeans (Glycine max L.), 
both foliar (0.51 kg Mn ha-1) and soil applications (2.24 and 4.48 kg Mn ha-1) were 
effective in delivering Mn to the plant (Randall et al., 1975).  In corn (Zea mays L.), Ling 
and Silberbush (2002) observed that even though foliar fertilizers (0.12g N, 0.08g P, and 
0.06g K L-1) did increase N-P-K indices, their ability to adhere to the plants in the early 
growth stages was poor.  Thus, they recommend foliar fertilizers only as a supplement to 
soil applied sources.  In rice (Oryza sativa L.), Wilson et al., (1994) concluded granular 
urea was superior to liquid UAN (urea-ammonium nitrate solution) due to inefficient 
plant uptake of NO3-N prior to flooding.  In bermudagrass turf (Cynodon dactylon X C. 
transvaalensis L. Tifgreen), ammonium nitrate and ammonium sulfate were more 
efficiently recovered (78%) by the plant compared to urea (66% recovered) when applied 
as a solution to the soil (Picchioni and Quiroga-Garza, 1999).  Also, ammonium nitrate 
labeled as 15NO3 showed greater uptake as compared to 15NH4, particularly in clippings.  
Howieson and Christians (2001) compared one liquid fertilizer to several formulations of 
granular and slow-release fertilizers.  Although the fertilizers did not differ in their ability 
to supply N to the plant, the liquid fertilizer consistently produced greater uniformity 
compared to the granular fertilizers. 
     If a sound soil-based fertility program is coupled with timely foliar applications, the 
potential to produce high quality turfgrass with minimal rates could be great.  To expand 
upon previous research, and to determine advantages and disadvantages between dry and 
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liquid fertilizers applied to turf, this research was conducted to address: (1) what, if any, 
differences in efficacy exist between foliar and soil applied fertilizers, and (2) observe 
long-term bentgrass turf responses (e.g., turf quality, growth, root length density, total 
nonstructural root carbohydrates) to N fertilizer rate treatments under field conditions. 
 
Materials and Methods 
     A two-year field experiment was conducted from September 2004 through September 
2006 at the Clemson University Turfgrass Research Complex, Clemson, S.C.  An 
Agrostis stoloniferous  L. var. palustris Huds. L-93 putting green was constructed to 
USGA specifications (USGA Green Section Staff, 1993) in 2003.  An 85%:15% 
sand:peat medium was used, and the sand portion consisted of 6% course sand (0.5 to 1.0 
mm), 30% medium sand (0.25 to 0.50 mm), 48% fine sand (0.1 to 0.25 mm), and 16% 
very fine sand (<0.1 mm).  The L-93 bentgrass green received maintenance practices 
commonly used under heat stress conditions (McCarty, 2005).  Turf was mowed at ≈ 700 
h at 3.2 mm six d wk-1 with clippings removed.  Irrigation was applied deeply and 
infrequently to provide an average of 2.75 cm twice wk-1 in addition to rainfall.  
Fungicides were applied on a preventative schedule for dollar spot (Sclerotinia 
homoecarpa F.T. Bennett), pythium (Pythium spp.), and brown patch (Rhizoctonia spp.) 
(McCarty, 2005).  Bentgrass was aerified with 1.3 cm diameter x 10 cm long tines with 
2.5 cm spacing on 15 September 2004, 5 April 2005, 6 May 2005, 15 September 2005, 9 
March 2006, 24 April 2006, and 12 September 2006.  Bentgrass was aerified with 0.98 
cm diameter x 7 cm long tines with 2.5 cm spacing on 7 June 2005 and 27 June 2006. 
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Treatments 
     Two forms of fertilizers were evaluated: 1) water soluble urea fertilizer 46-0-0 applied 
as a liquid, and 2) water soluble granular urea fertilizer 46-0-0 applied in solid form.  
Treatments consisted of the 12 factorial combinations of three N carriers (100% granular, 
50% granular + 50% liquid, and 100% liquid) and four annual N rates (98, 195, 293, and 
390 kg ha-1) applied every 14 d.  The liquid fertilizer was applied with a CO2 backpack 
sprayer delivering 174 L/ha, while granules were applied uniformly over the turf surface 
with shaker cans.  Potash (0N-0 P2O5-50 K2O) and superphosphate (0 N-45 P2O5-0 K2O) 
were applied quarterly at 146 kg K ha-1 yr-1 and 98 kg P ha-1 yr-1 based on soil test 
recommendation from Clemson Agriculture Service Lab.  Micronutrients were 
supplemented as needed at 13 L ha-1 with LESCO Chelated Micro-Mix (LESCO, Inc., 
Cleveland, OH) containing 1% Mg-3% S-0.1% Cu-2% Fe-1% Mn-0.4% Zn. 
 
Measurements 
Visual quality, chlorophyll content, clipping yield, and total percent clipping N 
     Turf quality was rated every 14 d on the U.S. National Turfgrass Evaluation Program 
(NTEP) scale of 1 to 9 with 1 = dead turf and 9 = dark green turf, and a rating ≥ 7 
denoting acceptable turf quality.  Ratings for each plot were averaged within each season 
(fall, winter, spring, and summer) prior to analysis. Clippings were harvested monthly, 13 
days after the most recent fertilizer application, using a walk-behind greensmower with a 
clipping collector (John Deere 220B, Moline, IL) after approximately 24-hr of growth.  A 
0.1 g sample of clippings from each plot was obtained to determine chlorophyll 
concentration, and the remainder of clippings were dried at 80°C for 48 hours and 
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analyzed for dry weight and nutrient content.  Tissue tests were performed by at the 
Clemson Agriculture Service Lab.  Total nitrogen concentrations were determined using 
a LECO Nitrogen Combustion analyzer (LECO, Warrendale, PA). Leaf chlorophyll was 
determined on a fresh weight basis using dimethyl sulfoxide extraction (Hiscox and 
Israelstram, 1979) and light absorbance measurements (Beckman DU-64, Beckman 
Instrument Inc., Fullerton, CA) obtained at 645 and 663 nm.  Chlorophyll content was 
determined using the formula of Arnon (1949). 
g chlorophyll kg-1 tissue = (20.2 * D645 + 8.02 * D663) * 0.1, 
where D645 and D663 are light absorbance measurements for 645 and 663 nm, 
respectively.  The complete protocol for leaf chlorophyll measurement can be found in 
Appendix B. 
 
Root analysis and TNC 
     Two 600 cm3 (30 cm length x 20 cm2 volume) root samples were harvested every 60 
days from each plot, and holes were backfilled with a sand medium comparable to sand 
portion of construction medium.  A sub-sample was collected in March and July 2005 
and 2006 to determine total nonstructural carbohydrates (TNC) of root tissue.  Root 
samples were taken prior to sunrise to minimize diurnal fluctuations in carbohydrates 
(Westhafer et al., 1982).  TNC was measured by using Nelsons Assay, which quantifies 
the reducing sugars, glucose and fructose in plants (Nelson, 1944; Somogyi, 1945).  The 
complete protocol for TNC measurement can be found in Appendix C. 
     Each root core was used for root length density, root dry weight, and specific root 
length analyses.  Root length density (RLD) was determined by WinRHIZO Pro (Regent 
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Instruments Inc., Quebec, Qc, Canada), a root measuring software that analyzes scanned 
root images (Arsenault et al., 1995).  Roots were oven-dried at 80°C for 48 hours and 
then weighed to obtain dry weight.  Specific root length (SRL) was calculated as the ratio 
of root length to root dry weight values and indicates the amount of root length per gram 
of dry weight (cm g-1).  A high SRL value indicates a thin, highly branched root system 
typical of a low N environment, while a low SRL value indicates a short, stubby root 
system typical of high N conditions (Olsthoorn et al., 1991; Pettersson et al., 1993). 
 
Loss on Ignition 
     The thatch layer from soil cores were dried at 70°C for 48 hours and weighed. Each 
sample was combusted in a muffle furnace at 800°C for 5 hours and then reweighed. 
Thatch/mat weight loss on ignition was calculated as the difference between these two 
measurements and converted to g kg-1 (McCarty et al., 2005). 
 
Percent Lateral Regrowth 
     Percent lateral regrowth (PLR) was measured after the July root harvest each year to 
determine treatment effects on recuperative ability of turf during summer stress.  Lateral 
regrowth was determined using a sampling grid with 1 mm2 cells and the exact 
dimensions of root sample holes (Bunnell et al., 2005).  Lateral regrowth measurements 
began 2 weeks after root samples were harvested and were taken every 16d until 100% 
plant coverage was attained.  Percent lateral regrowth was determined as the ratio of 
number of cells with green shoots to the total number of cells (200) multiplied by 100. 
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An exponential model was used to characterize lateral regrowth over time for each N 
level in each block and estimate the number of days required to achieve 50, 75, and 90% 
regrowth.  The effect of N rate on time required to achieve 50, 75, and 90% regrowth was 
examined using orthogonal polynomial contrasts. 
Statistical Analysis 
     The experiment was a 4 by 3 factorial (4 N rates and 3 carrier ratios) conducted in a 
randomized complete block design with three replications.  Data were subjected to 
ANOVA to determine whether treatment effects were consistent for the two yr and to 
examine interaction and main effects for the treatment factors. N carrier means were 
compared using Fishers protected LSD with α = 0.05 and N rate effects were examined 
using orthogonal polynomial contrasts with a probability level of 0.05 (SAS Institute, 
2003).  All root data were analyzed using a probability level of 0.10. 
 
Results and Discussion 
     No significant interactions between N carriers and N rates were detected (P > 0.05). 
 
Visual Quality 
     Differences among N rates were detected for L-93 creeping bentgrass visual quality 
during each season (P < 0.05) (Table 5.1).  The lowest N input, 98 kg ha-1 yr-1, provided 
unacceptable (< 7) visual quality throughout the two-year study.  Also, algae infestations 
commonly occurred with the low N rate during the spring.  An N*year interaction (P < 
0.05) was detected for the fall season.  In year one, visual quality increased linearly (P < 
0.05) as N rate increased with the highest visual quality rating (7.8) observed at the 390 
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kg N ha-1 rate.  In the fall of year two, acceptable (> 7) visual quality was achieved with 
195 and 293 kg N ha-1, while unacceptable visual quality (< 7) was observed with 390 kg 
N ha-1.  This result could be attributed to the turf still recuperating from summer stress.  
Damage incurred at the highest N rate included turf discoloration, localized dry spots, 
and large areas with suppressed or stopped growth.  It was late fall before turf had fully 
recuperated.  Average maximum temperature from June 21 to August 31 was five degrees 
C higher and rainfall for this time period was 26% less in year two compared to year one.  
Weather data for 15 September 2004 through 15 September 2006 can be found in 
appendix E.  Similar findings were reported with spray-applied urea applications at 195 
kg N ha-1 yr-1 on Kentucky bluegrass turf in late summer (Spangenburg et al., 1986).  
During winter and spring of the current study, acceptable visual quality (> 7) was 
observed for 195, 293, and 390 kg N ha-1, as visual quality ratings increased linearly (P < 
0.05) with increasing N rate.  For summer, acceptable visual quality (> 7) was provided 
by 195 and 293 kg N ha-1, while visual quality for 390 kg N ha-1 was unacceptable (< 
6.6).  This can be explained by the frequent occurrence of localized dry spots and plant 
wilt due to summer stress and excessive N. 
 
Clipping Yield and Total Percent Clipping N 
     L-93 creeping bentgrass clipping yield increased with increasing N rate during each 
season, but an N rate by year by season interaction was detected (P < 0.05) (Table 5.2). 
This may also be explained by differences in environmental stress for the two years as 
discussed above.  Clipping yields were generally lower in year two than year one except 
for the winter when yields were similar.  Across seasons, clipping dry weights for the 
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high N rate ranged from 112 to 450% higher than the low N rate in year one and from 18 
to 205% in year two.   
     Total percent clipping N for L-93 creeping bentgrass increased with increasing N 
rate during each season, but no meaningful interaction with years was detected (Table 
5.3).  Total percent clipping N was also higher in year one than year two due to 
differences in environmental stress.  Total percent clipping N levels were lowest in the 
winter (< 4%), increased during the spring, peaked in the summer (> 4.5), and declined 
during the fall.  Total percent clipping N was 22, 36, 46, and 10% higher for the high N 
rate than the low N rate in fall, winter, spring, and summer, respectively. 
     Similar results have been observed with foliar N applications on Park Kentucky 
bluegrass (Poa pratensis L.) and creeping bentgrass, where the highest N rate produced 
the highest turfgrass color and quality, clipping yield, and % N in clippings (Wesely et 
al., 1988; McCullough et al., 2005). 
     Sufficiency levels for total percent N in bentgrass range from 3 to 5% (McCarty, 
2005; Turgeon, 2005).  During the summer, total percent N levels were consistently 
below this range for 98 kg N ha-1 yr-1.  Soils heat up during the summer and subsequently 
soil water NO3- levels rise even in the absence of additional fertilizer inputs. This is due 
to increased microbial activity that results in increased mineralization rates (Hull and Liu, 
2005).  Percent total clipping N fell below this range each year during winter for all N 
rates and for 195 kg N ha-1 yr-1 during spring.  This has been observed in previous studies 
on cool season grasses and is attributed to poor supply of available nitrogen caused by 
colder temperatures. Low soil temperatures and lack of moisture will reduce microbial 
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activity and subsequently will reduce nitrification and mineralization (Bushoven et al., 
2002). 
 
Chlorophyll Content 
     No interactions were observed between treatment and year, so data was pooled across 
years for each season.  L-93 creeping bentgrass leaf chlorophyll content increased with 
increasing N rate during each season (P < 0.05) (Table 5.4).  Leaf chlorophyll content for 
the high N rate ranged from 7 to 27% higher than the low N rate; however, in summer, 
leaf chlorophyll content appeared to be less responsive to N input as rate was increased 
from 293 to 390 kg N ha-1 yr-1.  Leaf chlorophyll content peaked in fall and was generally 
lowest in the summer.  Similar findings were reported in TifEagle bermudagrass where 
leaf chlorophyll concentration increased as N level increased from 6 to 18 kg ha-1 wk-1 
under greenhouse conditions.  Chlorophyll content was less responsive when N level 
exceeded 18 kg ha-1 wk-1 (McCullough et al., 2006b).  Conversely, McCullough et al., 
(2006a) found that leaf chlorophyll concentration decreased in TifEagle bermudagrass 
as N level increased under field conditions. 
 
Percent Lateral Regrowth 
     No interactions were observed between treatment and year, so data was pooled across 
years.  Differences among N rates were detected for L-93 creeping bentgrass percent 
lateral regrowth during summer (P < 0.05) (Table 5.5).  At 14 and 30 days after harvest 
(DAH), PLR increased with increasing N input, and the high N rate achieved 47 and 79% 
regrowth, respectively.  Similar results have been noted for Penncross creeping 
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bentgrass and TifEagle bermudagrass with lateral regrowth being enhanced as N input 
increased (Hawes and Decker, 1977; McCullough et al., 2006a; Bunnell et al., 2005).  
The three highest N rates achieved > 90% bentgrass regrowth by 62 DAH.  The low N 
rate did not achieve complete regrowth until 78 DAH.  It should be noted that at 60 DAH 
regrowth for the two highest N rates appeared to slow down.  During this time, soil 
temperature was near or exceeded 32°C each year.  Hawes and Decker (1977) reported 
that high N level and 32°C soil temperature adversely affected Penncross creeping 
bentgrass regrowth.  The time required for L-93 creeping bentgrass to reach 50, 75, and 
90 percent lateral regrowth was also influenced by N rate (P < 0.05) (Table 5.6).  As N 
rate increased, the time to reach 50, 75, and 100 percent lateral regrowth decreased.  The 
390 kg N ha-1 yr-1 rate took 9, 13, and 19 fewer days to reach 50, 75, and 100 percent 
lateral regrowth, respectively, compared to 98 kg N ha-1 yr-1. 
 
Root Length Density 
     An N rate*year interaction (P < 0.10) was detected for July.  In year one, a quadratic 
relationship was detected as RLD peaked at the 293 kg N ha-1 yr-1 rate and was 26% 
greater than the lowest N rate (Table 5.7).  RLD at the highest N rate was 10% lower than 
293 kg N ha-1 yr-1.  In year two, a similar pattern was observed, but a linear relationship 
was deemed statistically adequate.  RLD at the 293 kg N ha-1 yr-1 rate was 28% greater 
than the lowest N rate, and RLD at the highest N rate was 4% lower than 293 kg N ha-1 
yr-1.  These results differ from those reported by Schlossberg and Karnok (2001) where 
Crenshaw and L-93 bentgrass total and deep root length density peaked at 391 kg N 
ha-1 yr-1. 
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     A significant month*year interaction (P < 0.10) was observed for RLD (Table 5.7).  In 
years one and two, RLD increased 62 and 51%, respectively, from November to May.  
RLD decreased 75 and 62% in years one and two, respectively, from May to September.  
During years one and two, RLD peaked in May at 8.05 and 7.87 cm cm-3, respectively, 
while the lowest RLD was observed in September at 3.13 and 3.00 cm cm-3, respectively.  
 
Root Dry Weight 
     A significant N rate by month interaction was detected for root dry weight (P < 0.10) 
(Table 5.8).  Root dry weight increased with increasing N rate for March and May 
measurements only with the highest N rate providing 35 and 44% greater root dry weight 
than the lowest N rate in March and May, respectively.  Similar seasonal decline in root 
growth was reported for Penncross and L-93 (Xu and Huang, 2006; Huang and Liu, 
2003) as root dry weight declined 40 to 60% from May to September. 
 
Specific Root Length 
     An N rate*month interaction (P < 0.10) was detected for SRL (Table 5.9).  SRL was 
21 and 29% greater at the lowest N rate compared to the highest N rate during March and 
May respectively.  N carrier also affected SRL by month (P < 0.10).  For November, SRL 
was 11% greater for 50% granular + 50% liquid treatments compared to 100% granular, 
while in September and January SRL was approximately 10% greater for 50% granular + 
50% liquid treatments compared to 100% granular and 100% liquid treatments.  In 
November, January, and July, SRL was 15, 15, and 7% greater, respectively, in year 1 
compared to year 2, while in May SRL was 24% greater in year 2 compared to year 1 
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(Table 5.10).  SRL decreased 56 and 37% in years one and two, respectively, from 
November to May.  From May to July SRL increased 71 and 34%, during years one and 
two, respectively, while from July to September a 61 and 70% increase was observed.  
Research in other crops has reported high SRL values in low N environments, while a 
low SRL values were typical in high N conditions (Olsthoorn et al., 1991; Pettersson et 
al., 1993) 
 
Organic Matter Content 
     Organic matter content increased from 2004 to 2006, and the amount of increase was 
affected by N rate (P < 0.05) (Table 5.11).  Increases in organic matter content ranged 
from 38% at the lowest N rate to 75% at the highest N rate.  In hybrid bermudagrass, 
Tucker et al., (2006) found that thatch layer depth increased up to 3% as N rate increased 
from 12 to 48 kg N ha-1 wk-1. 
 
TNC Content 
     N rate adversely affected TNC content for March and July each year (P < 0.10) (Table 
5.11).  TNC level was 12% greater at the lowest N rate compared to the highest N rate.  
TNC content was 10% greater for all treatments in March compared to July.  Seasonal 
changes in TNC content of creeping bentgrass have been previously reported (Youngner 
et al., 1978; Sweeney et al., 2001).  Xu and Huang (2003) reported a decrease in shoot 
and root TNC content of L-93 and Penncross creeping bentgrass in midsummer and 
the decline was attributed to lower levels of reducing sugars present. 
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Conclusion 
     The lowest N level provided unacceptable (< 7) visual quality throughout the two-year 
study.  For summer, acceptable visual quality (> 7) was provided by 195 and 293 kg N 
ha-1, while visual quality for 390 kg N ha-1 was unacceptable (< 6.6).  Clipping yield, 
total percent clipping N, leaf chlorophyll content, and PLR increased with increasing N 
rate.  N rate adversely affected RLD in July, while seasonal differences in root dry weight 
and SRL were observed.  Also, SRL peaked with 50% granular + 50% liquid in 
November and January.  Organic matter content increased up to 75% with the highest N 
rate.  Root TNC content was adversely affected by N rate, and TNC content declined 
10% from March to July.   
     The biggest challenge with managing creeping bentgrass in the transition zone is 
summer decline.  Soil temperatures levels in excess of 32°C increase bentgrass root 
mortality.  This research suggests that proper N fertilization management could be a 
potential tool to help bentgrass managers in the transition zone at least partially alleviate 
the stress associated with bentgrass summer decline.  N levels below 195 kg N ha-1 yr-1 
caused thin turf and promoted algae infestations during spring season, while N rates in 
excess of 293 kg N ha-1 yr-1 caused adverse affects on bentgrass during the summer 
season in terms of reducing visual quality, rooting performance, and carbohydrate levels 
within roots.  These results suggest a rate of 195 to 293 kg N ha-1 yr-1 as optimum for 
bentgrass shoot and root growth in the transition zone of the U.S, especially to enhance 
summer performance of L-93 creeping bentgrass.  Combining both liquid and granular 
methods appear superior compared to relying on one method exclusively. 
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Table 5.1. Response of L-93 creeping bentgrass visual quality to nitrogen rates, 
2004-2006. 
 Fall    
N rate Year 1 Year 2 Winter Spring Summer 
kg ha-1 _________________________________________1-9______________________________________ 
98 6.4 6.5 6.3 6.6 6.7 
195 7.0 7.0 7.0 7.2 7.4 
293 7.2 7.1 7.4 8.2 7.3 
390 7.8 6.9 7.6 8.6 6.6 
Rate response Significance 
Linear *** NS *** *** NS 
Quadratic NS * NS NS *** 
Deviations NS NS NS NS NS 
*, *** Significant at the 0.05 and 0.001 probability level; NS = not significant. 
 Fall = 22 September through 20 December 2004 and 2005; Winter = 21 December 
through 19 March 2004 and 2005; Spring = 20 March through 20 June 2005 and 2006; 
Summer = 21 June through 21 September 2005 and 2006. 
 Turf quality was visually rated on a scale form 1 to 9 where 1 = dead turf and 9 = dark 
green, uniform turf. 
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Table 5.2. Response of L-93 creeping bentgrass dry clipping weight to nitrogen 
rates, 2004-2006. 
 Fall Winter Spring Summer 
N rate Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 
kg ha-1 _________________________________________g m-2________________________________________ 
98 1.69 1.42 0.69 0.97 1.16 1.41 1.93 1.51 
195 2.28 1.60 0.93 1.16 2.33 2.15 2.81 2.03 
293 3.00 1.76 1.38 1.57 4.59 3.33 3.85 2.74 
390 3.20 1.68 1.69 1.60 6.39 4.30 4.33 3.03 
Rate 
response Significance 
Linear *** ** *** *** *** *** *** *** 
Quadratic * NS NS NS NS NS * NS 
Deviations NS NS NS NS NS NS NS NS 
*, **, *** Significant at the 0.05, 0.01 and 0.001 probability levels, respectively; NS = 
not significant. 
 Fall = 22 September through 20 December 2004 and 2005; Winter = 21 December 
through 19 March 2004 and 2005; Spring = 20 March through 20 June 2005 and 2006; 
Summer = 21 June through 21 September 2005 and 2006. 
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Table 5.3. Response of L-93 creeping bentgrass % total nitrogen in clippings to 
nitrogen rates, 2004-2006. 
N rate Fall Winter Spring Summer 
kg ha-1 ____________________________________% Total N___________________________________ 
98 3.82 2.63 2.99 4.62 
195 4.12 2.99 3.47 4.62 
293 4.48 3.22 4.00 4.87 
390 4.67 3.57 4.37 5.08 
Rate response Significance 
Linear *** *** *** *** 
Quadratic NS NS NS NS 
Deviations NS NS NS NS 
*** Significant at the 0.001 probability levels; NS = not significant. 
 Fall = 22 September through 20 December 2004 and 2005; Winter = 21 December 
through 19 March 2004 and 2005; Spring = 20 March through 20 June 2005 and 2006; 
Summer = 21 June through 21 September 2005 and 2006. 
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Table 5.4. Response of L-93 creeping bentgrass chlorophyll content to nitrogen 
rates, 2004-2006. 
N Rate Fall Winter Spring Summer 
kg ha-1 _________________________________________g kg-1____________________________________ 
98 3.05 2.08 2.24 2.30 
195 3.19 2.33 2.47 2.34 
293 3.34 2.45 2.72 2.35 
390 3.33 2.65 2.79 2.46 
Rate response Significance 
Linear *** *** *** * 
Quadratic NS NS * NS 
Deviations NS NS NS NS 
*, *** Significant at the 0.05 and 0.001 probability levels, respectively; NS = not 
significant. 
 Fall = 22 September through 20 December 2004 and 2005; Winter = 21 December 
through 19 March 2004 and 2005; Spring = 20 March through 20 June 2005 and 2006; 
Summer = 21 June through 21 September 2005 and 2006. 
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Table 5.5. Response of L-93 creeping bentgrass percent lateral regrowth (PLR) 
during summer to nitrogen rates, 2004-2006. 
 Days after harvest 
N Rate 14  30 46 62 
kg ha-1 __________________________________________PLR_______________________________________ 
98 23 61 82 92 
195 37 65 92 100 
293 44 76 95 99 
390 47 79 96 99 
Rate response Significance 
Linear ** *** *** *** 
Quadratic NS NS ** *** 
Deviations NS NS NS NS 
**, *** Significant at the 0.01 and 0.001 probability levels, respectively; NS = not 
significant.
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Table 5.6. Number of days for L-93 creeping bentgrass to reach 50, 75, and 90 
percent lateral regrowth (PLR) during summer in response to nitrogen rates, 2004-
2006. 
 PLR 
N Rate 50 75 90 
kg ha-1 _________________________________________Days_______________________________________ 
98 23 37 57 
195 18 32 49 
293 15 26 41 
390 14 24 38 
Rate response Significance 
Linear ** ** ** 
Quadratic NS NS NS 
Deviations NS NS NS 
** Significant at the 0.01 probability levels; NS = not significant. 
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Table 5.7. Response of L-93 creeping bentgrass root length density by year to 
nitrogen rate and by month to nitrogen rate and carrier, 2004-2006. 
 Year 
N rate 1 2 
kg ha-1 _________________________________________cm cm-3_________________________________ 
98 4.12 2.62 
195 4.77 2.93 
293 5.20 3.35 
390 4.73 3.23 
Rate response Significance 
Linear NS * 
Quadratic * NS 
Deviations NS NS 
Month   
November 4.96 5.21 
January 5.35 6.00 
March 6.22 6.93 
May 8.05 7.87 
July 4.70 3.03 
September 3.13 3.00 
LSD (0.10) 0.26 
* Significant at the 0.10 probability level; NS = not significant. 
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Table 5.8. Response of L-93 creeping bentgrass root dry weight by month to 
nitrogen rates, 2004-2006. 
 Month 
N rate November January March May July September 
kg N ha-1 yr-1 ________________________________________kg_______________________________________ 
98 0.00009 0.00009 0.00017 0.00025 0.00010 0.00009 
195 0.00009 0.00010 0.00020 0.00032 0.00011 0.00004 
293 0.00008 0.00009 0.00021 0.00035 0.00012 0.00006 
390 0.00010 0.00011 0.00023 0.00036 0.00013 0.00005 
Rate response Significance 
Linear NS NS * * NS NS 
Quadratic NS NS NS NS NS NS 
Deviations NS NS NS NS NS NS 
LSD (0.10) 0.00003 
* Significant at the 0.10 probability level; NS = not significant.
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Table 5.9. Response of L-93 creeping bentgrass specific root length by month to 
nitrogen rate and carrier, 2004-2006. 
 Month 
N rate November January March May July September 
kg N ha-1 yr-1 _______________________________________cm g-1____________________________________ 
98 51.0 47.3 36.4 31.8 40.6 66.4 
195 51.0 47.7 34.6 25.1 40.8 66.3 
293 50.7 49.0 30.0 25.5 42.3 65.4 
390 50.2 49.5 30.4 24.7 36.6 67.4 
Rate response Significance 
Linear NS NS ** ** NS NS 
Quadratic NS NS NS NS NS NS 
Deviations NS NS NS NS NS NS 
N Carrier _______________________________________cm g-1____________________________________ 
100% granular 48.0 47.4 31.6 26.2 42.2 65.1 
50% granular + 
50% liquid 53.2 51.9 33.2 27.5 38.2 70.4 
100% liquid 51.1 47.0 33.5 26.7 39.8 63.8 
LSD (0.10) 4.8 3.9 NS NS NS 4.1 
** Significant at the 0.05 probability level; NS = not significant. 
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Table 5.10. Response of L-93 creeping bentgrass specific root length by month 
and year to nitrogen rate and carrier, 2004-2006. 
 Year 
Month 1 2 
 _______________________________________cm cm-3__________________________________
November 54.3 47.3 
January 51.8 44.9 
March 33.3 32.3 
May 23.9 29.7 
July 41.2 39.0 
September 66.5 66.4 
LSD (0.10) 2.8 
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Table 5.11. Organic matter (OM) and root total nonstructural carbohydrate 
content in response to nitrogen rates in L-93 creeping bentgrass, 2004-2006. 
 Organic matter content  
N rate Initial Final change in OM OM gain TNC 
kg ha-1 ____________________g kg-1_____________________ % mg g-1 
98 0.08 0.11 0.03 38 40.4 
195 0.08 0.13 0.04 50 40.5 
293 0.09 0.13 0.04 50 38.0 
390 0.08 0.14 0.06 75 36.1 
Rate response    Significance¶ 
Linear    *** *** 
Quadratic    NS NS 
Deviations    NS NS 
*** Significant at the 0.001 probability level; NS = not significant. 
 Initial obtained in November 2004, final obtained in September 2006, and change in 
OM = final - initial. 
 Grams of organic matter per kg of soil. 
¶ For TNC, *** indicates significance at the 0.01 probability level. 
 
 
 
 
 
 
 
 
SECTION 6 
CONCLUSIONS 
 
     Limited turfgrass research comparing the efficiency of foliar to granular fertilizers 
exists.  The objective of this research was to evaluate long-term effects of liquid and/or 
granular N fertilization, using various N rates, on the performance of L-93 creeping 
bentgrass and TifEagle bermudagrass. 
     Studies were conducted in 2003 and 2004 to evaluate liquid and/or granular N 
fertilization on turfgrass quality, clipping yield, and root biomass of L-93 creeping 
bentgrass and TifEagle bermudagrass. For L-93 creeping bentgrass, the highest 
turfgrass quality ratings were achieved with the high N rate applied as 100% liquid urea.  
Differences in clipping yield were only observed during August each year.  Clipping 
yield was greatest with 100% liquid in 2004, while, 100% granular produced greater 
clipping yield in 2005.  Also, clipping yield was greater in 2005 for 100% granular 
treatment compared to 2004.  In June, 100% liquid produced greater % clipping N 
compared to 50% liquid + 50% granular and 100% granular.  However, the 100% 
granular treatment produced greater % clipping N in August compared to 100% liquid.  
These results suggest a rate of at least 190 kg N ha-1 yr-1 is needed to maintain acceptable 
bentgrass quality in the transition zone of the U.S.  Combining both liquid and granular 
methods appear superior compared to relying on one method exclusively.  Combining 
both liquid and granular methods appear superior compared to relying on one method 
exclusively.  For TifEagle bermudagrass, turf quality was unacceptable (<7) for the 
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months of June, July, and August.  However, during June, July, and August, turf quality 
was significantly higher, 5.1, 6.5, and 5.4 respectively, at 254 kg N ha-1yr-1, compared to 
190 kg N ha-1yr-1.  Clipping yield was 42%, 41%, and 85% greater at 254 kg N ha-1yr-1 
during June, July, and August, respectively, compared to 190 kg N ha-1yr-1.  In June, % 
clipping N was greatest, 23% and 18% respectively, with 100% liquid and 100% 
granular, compared to the 50% liquid + 50% granular.  These results indicated that N 
rates of 190 and 254 kg N ha-1yr-1 produce unacceptable summer performance of 
TifEagle bermudagrass. 
     Greenhouse research was conducted to compare the efficiency of three nitrogen (N) 
carriers (100% granular, 100% liquid, and 50% granular + 50% liquid) using N rates 
ranging from 98 to 390 kg ha-1yr-1 on growth and performance of creeping bentgrass.  N 
applications were made every 14d.  All treatments provided acceptable turf quality (≥ 7), 
and no differences among treatments were detected for visual quality, root total N 
content, or root length.  Clipping yield and percent clipping N were reduced when 
granular fertilizer was replaced with half or all liquid fertilizer.  Chlorophyll content, 
percent clipping N, and clipping yield increased with increasing N rate.  Root dry weight 
at 8-15 cm depth decreased as N rate increased. 
     Related field research was conducted to compare the efficiency of three nitrogen (N) 
carriers (100% granular, 100% liquid, and 50% granular + 50% liquid) using N rates 
ranging from 98 to 390 kg ha-1 on growth and performance of field grown creeping 
bentgrass.  The lowest N level provided unacceptable (< 7) visual quality throughout the 
two-year study.  For summer, acceptable visual quality (> 7) was provided by 195 and 
293 kg N ha-1, while visual quality for 390 kg N ha-1 was unacceptable (< 6.6).  Clipping 
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yield, total percent clipping N, and leaf chlorophyll content increased with increasing N 
rate.  N rate adversely affected RLD in July, while seasonal differences in root dry weight 
and SRL were observed.  Also, SRL peaked with 50% granular + 50% liquid in 
November and January.  Organic matter content increased up to 75% with the highest N 
rate.  Root TNC content was adversely affected by N rate, and TNC content declined 
10% from March to July.  These results along with results from greenhouse research 
suggest a rate of 195 to 293 kg N ha-1 yr-1 is optimum for bentgrass growth in the 
transition zone of the U.S.  Combining both liquid and granular methods appear superior 
compared to relying on one method exclusively.
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Appendix A 
Additional Tables and Figures 
 
Table A.1. Analysis of variance for the randomized complete block design in the 2003-
2004 field studies. 
Source df 
Total 35 
Year 1 
Block 2 
Block*Year 2 
Form 2 
Rate 1 
Rate*Form 2 
Form*Year 2 
Rate*Year 1 
Rate*Form*Year 2 
Error 20 
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Table A.2. Analysis of variance for the randomized complete block design in the 2004-
2006 field study. 
Source df 
Total 47 
Block 2 
Nitrogen 3 
Liquid 2 
Nitrogen*Liquid 6 
Nitrogen*Liquid*Block 22 
Year 1 
Year*Nitrogen 3 
Year*Liquid 2 
Year*Nitrogen*Liquid 6 
Error 24 
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Table A.3. Analysis of variance for the randomized complete block design in the 
greenhouse study. 
Source df 
Total 59 
Block 3 
Nitrogen 3 
Liquid 2 
Nitrogen*Liquid 6 
Nitrogen*Liquid*Block 33 
Year 1 
Nitrogen*Year 3 
Liquid*Year 2 
Nitrogen*Liquid*Year 6 
Error 36 
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Appendix B 
Chlorophyll Extraction with DMSO 
 
1. Weigh 0.1 g fresh tissue into Erlenmyer flasks. 
2. Add 10 mL of Dimethyl Sulfoxide to each flask.  Cover with rubber stopper. 
3. Incubate in 65 C water shake bath for 1.5 h. 
4. Transfer extract into spectrophotometer using pipetter. 
5. Measure and record absorbance values at 663 nm and 645 nm wavelengths. 
6. Chlorophyll content is determined by following formula (Arnon, 1949). 
 
(20.2 * D645 + 8.02 * D663) * 0.1 = g chlorophyll kg-1 tissue 
 
D663 and 645 = absorbance values at given wavelengths 
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Appendix C 
Procedure for Nelsons Assay for TNC Analysis 
 
Aliquot preparation 
1.  Weigh 50 mg dry tissue sample in 13 x 100 mm test tube. 
2.  Add 100 µl of 80% ethanol. 
3.  Add 2 ml of 0.1 M sodium acetate buffer. 
4.  Place test tubes in boiling water for 1 h; allow cooling for 1 h, and repeating.  Allow 
solution to cool before adding enzymes. 
5.  Add 1.0 ml of each enzyme solution.  Keep enzyme solutions on ice. 
 a. Invertase (Sigma I-4753, 433 units mg-1) 
    - 5 units / ml in 0.1 M acetate buffer 
 b. Amyloglucosidase (Sigma A-7255, 23,000 units g-1) 
  - 50 units / ml in 0.1 M acetate buffer 
6.  Incubate for 3 days at 40-45 C and vortex 3 times day-1. 
7.  Allow to settle until clear. 
8.  Remove 25 µl of aliquot for TNC analysis. 
 
Buffers, Reagents, and Standard Glucose Curves 
 
Sodium Acetate Buffer 
1.  For 2000 ml of 0.1 M buffer, weigh 5.56 g of sodium acetate. 
2.  Dissolve in approximately 1600 ml deionized water. 
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3. Adjust pH to 4.5 using 1 N acetic acid. 
4.  Bring to 2000 ml volume. 
5.  Store at 3 C. 
 
Copper Reagent 
1.  Dissolve 28 g of anhydrous sodium phosphate dibasic (Na2HPO4) and 4 g K-Na-
tartate (Rochelle salt) in approximately 650 ml of deionized water. 
2.  Add 100 ml of 1 N NaOH (4g NaOH 100 ml-1 H2O) while stirring. 
3.  Add 80 ml of 10% copper sulfate (8g CuSO4 80 ml-1 H2O) 
4.  Add 180 g of anhydrous Na2SO4. 
5.  Bring to 1000 ml volume and mix well. 
6.  Allow to settle at room temperature for 24 h. 
7.  Decant and save clear supernatant. 
8.  Store in brown bottle at room temperature. 
 
Arseno-Molybdate (ASMO) Reagent 
1.  Dissolve 25 g of ammonium molybdate (NH4MoO4) in approximately 400 ml. 
2.  Add 21 ml of concentrated sulfuric acid. 
3.  Add 3 g of sodium arsenate (Na2HAsO47H2O) dissolved in 25 ml of deionized water. 
4.  Bring to 500 ml and mix well. 
5.  Incubate at 37 C for 24-48 h. 
6.  Store in brown bottle at room temperature. 
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Glucose Standards 
Glucose Concentration glucose (g l-1)  Dilution for 10 ml of Standard 
0.8 µmol 100 µl-1 (stock) 1.4408 g l-1  10.00 ml stock : 0.00 ml water 
0.7 µmol 100 µl-1 (stock) 1.2607 g l-1  8.75 ml stock : 1.25 ml water 
0.6 µmol 100 µl-1 (stock) 1.0806 g l-1  7.50 ml stock : 2.50 ml water 
0.5 µmol 100 µl-1 (stock) 0.9005 g l-1  6.25 ml stock : 3.75 ml water 
0.4 µmol 100 µl-1 (stock) 0.7204 g l-1  5.00 ml stock : 5.00 ml water 
0.3 µmol 100 µl-1 (stock) 0.5403 g l-1  3.75 ml stock : 6.25 ml water 
0.2 µmol 100 µl-1 (stock) 0.3602 g l-1  2.50 ml stock : 7.50 ml water 
0.1 µmol 100 µl-1 (stock) 0.1801 g l-1  1.25 ml stock : 8.75 ml water 
0.0 µmol 100 µl-1 (stock) 0.0000 g l-1  0.00 ml stock : 10.00 ml water 
 
TNC Calculation 
1.  Pipette 25 µl of aliquot (samples and glucose standards) into 13 x 100 mm test tubes. 
2.  Add 1.0 ml of copper reagent, mix, and place in boiling water bath for 20 minutes. 
3.  Remove samples and allow cooling for 5 minutes in room temperature water bath. 
4.  Add 0.5 ml of ASMO, mix well with vortex, and pipette into cuvettes. 
5.  Read absorbance at 520 nm. 
6.  Calculate linear regression of glucose standard curve. 
7.  Solve for glucose concentration using linear regression equation and absorbance 
value. 
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Figure B.1.  Standard curve used in Nelsons assay for determining total nonstructural 
carbohydrate content in creeping bentgrass shoots and roots. 
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Appendix D 
Illustrations 
 
 
Illustration D.1.  Greenhouse set-up for investigating in containers built approximately to 
United States Golf Association specifications. 
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Illustration D.2.  Greenhouse spray cabinet (Devries Manufacturing, Hollandale, MN) 
used to apply liquid urea fertilizer treatments. 
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Illustration D.3.  Creeping bentgrass performance 16 weeks after initial treatment for 
greenhouse study.  Top row (left to right): 0% liquid, 50%liquid, and 100% liquid at 98 
kg N ha-1 yr-1.  Second row (left to right): 0% liquid, 50%liquid, and 100% liquid at 196 
kg N ha-1 yr-1. Third row (left to right): 0% liquid, 50%liquid, and 100% liquid at 294 kg 
N ha-1 yr-1.  Bottom row (left to right): 0% liquid, 50%liquid, and 100% liquid at 392 kg 
N ha-1 yr-1. 
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Illustration D.4. Scan of washed creeping bentgrass root core using WinRHIZO (Regent 
Instruments Inc., Quebec, Qc, Canada) technology. 
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Illustration D.5.  Wire mesh grid used to measure L-93 creeping bentgrass percent 
lateral regrowth. 
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Illustration D.6.  Creeping bentgrass performance for field study in January 2006.  Top 
row (left to right): 0% liquid, 50%liquid, and 100% liquid at 98 kg N ha-1 yr-1.  Second 
row (left to right): 0% liquid, 50%liquid, and 100% liquid at 196 kg N ha-1 yr-1. Third 
row (left to right): 0% liquid, 50%liquid, and 100% liquid at 294 kg N ha-1 yr-1.  Bottom 
row (left to right): 0% liquid, 50%liquid, and 100% liquid at 392 kg N ha-1 yr-1. 
 
 110
Appendix E 
Clemson Area Weather Data, 2004-2006 
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Appendix E. Clemson, SC 2004-2006 weather data. 
   
Date Temperature (°C) Precipitation 
 Max Min cm 
9/15/2004 27 17 0.00 
9/16/2004 26 21 0.00 
9/17/2004 24 21 0.75 
9/18/2004 27 14 0.07 
9/19/2004 29 11 0.00 
9/20/2004 26 12 0.00 
9/21/2004 23 10 0.00 
9/22/2004 25 10 0.00 
9/23/2004 28 13 0.00 
9/24/2004 31 16 0.00 
9/25/2004 28 16 0.00 
9/26/2004 27 14 0.00 
9/27/2004 27 19 0.00 
9/28/2004 21 18 1.33 
9/29/2004 29 17 0.00 
9/30/2004 26 15 0.00 
10/1/2004 27 14 0.00 
10/2/2004 28 14 0.00 
10/3/2004 28 17 0.00 
10/4/2004 27 12 0.09 
10/5/2004 27 12 0.00 
10/6/2004 27 16 0.00 
10/7/2004 22 13 0.00 
10/8/2004 23 10 0.00 
10/9/2004 23 17 0.00 
10/10/2004 24 13 0.00 
10/11/2004 24 16 0.00 
10/12/2004 25 15 0.00 
10/13/2004 23 18 0.41 
10/14/2004 22 12 0.00 
10/15/2004 19 9 0.02 
10/16/2004 15 7 0.00 
10/17/2004 21 6 0.00 
10/18/2004 22 12 0.00 
10/19/2004 23 17 0.00 
10/20/2004 21 15 0.02 
10/21/2004 26 17 0.00 
10/22/2004 19 16 0.00 
10/23/2004 22 14 0.00 
10/24/2004 17 13 0.12 
10/25/2004 17 16 0.00 
10/26/2004 24 11 0.00 
10/27/2004 20 16 0.00 
10/28/2004 25 16 0.00 
10/29/2004 21 16 0.01 
10/30/2004 22 18 0.00 
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Date Temperature (°C) Precipitation 
 Max Min cm 
10/31/2004 27 18 0.00 
11/1/2004 29 16 0.18 
11/2/2004 27 16 0.00 
11/3/2004 23 20 0.14 
11/4/2004 24 19 0.12 
11/5/2004 22 7 0.34 
11/6/2004 20 2 0.00 
11/7/2004 21 3 0.00 
11/8/2004 23 8 0.00 
11/9/2004 24 3 0.00 
11/10/2004 16 1 0.00 
11/11/2004 14 7 0.00 
11/12/2004 11 8 0.31 
11/13/2004 16 10 0.06 
11/14/2004 16 3 0.00 
11/15/2004 13 -2 0.00 
11/16/2004 16 -1 0.00 
11/17/2004 16 2 0.00 
11/18/2004 21 6 0.00 
11/19/2004 21 12 0.00 
11/20/2004 21 16 0.09 
11/21/2004 21 11 0.00 
11/22/2004 21 12 0.07 
11/23/2004 17 16 0.10 
11/24/2004 17 16 0.11 
11/25/2004 18 8 0.25 
11/26/2004 11 -2 0.00 
11/27/2004 12 -2 0.00 
11/28/2004 8 2 0.10 
11/29/2004 18 3 0.00 
11/30/2004 15 0 0.00 
12/1/2004 16 5 0.16 
12/2/2004 17 -2 0.00 
12/3/2004 15 2 0.00 
12/4/2004 15 -2 0.00 
12/5/2004 16 -1 0.00 
12/6/2004 16 8 0.25 
12/7/2004 11 7 0.12 
12/8/2004 19 6 0.01 
12/9/2004 20 6 0.10 
12/10/2004 14 9 0.81 
12/11/2004 19 6 0.00 
12/12/2004 10 1 0.00 
12/13/2004 12 7 0.00 
12/14/2004 13 -2 0.00 
12/15/2004 5 -8 0.00 
12/16/2004 7 -7 0.00 
12/17/2004 11 -2 0.00 
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Date Temperature (°C) Precipitation 
 Max Min cm 
12/18/2004 14 -3 0.00 
12/19/2004 15 1 0.00 
12/20/2004 10 -8 0.00 
12/21/2004 2 -6 0.00 
12/22/2004 12 -3 0.00 
12/23/2004 13 9 0.60 
12/24/2004 17 -2 0.08 
12/25/2004 6 -2 0.00 
12/26/2004 4 -1 0.00 
12/27/2004 13 -4 0.00 
12/28/2004 10 -6 0.00 
12/29/2004 15 -2 0.00 
12/30/2004 16 3 0.00 
12/31/2004 19 3 0.00 
1/1/2005 15 6 0.00 
1/2/2005 21 6 0.00 
1/3/2005 20 6 0.00 
1/4/2005 20 11 0.00 
1/5/2005 23 11 0.00 
1/6/2005 22 12 0.02 
1/7/2005 18 7 0.00 
1/8/2005 18 9 0.08 
1/9/2005 21 4 0.00 
1/10/2005 17 4 0.00 
1/11/2005 21 5 0.00 
1/12/2005 17 6 0.00 
1/13/2005 20 11 0.00 
1/14/2005 21 11 0.44 
1/15/2005 13 -2 0.00 
1/16/2005 10 0 0.00 
1/17/2005 13 -6 0.00 
1/18/2005 6 -9 0.00 
1/19/2005 3 -8 0.00 
1/20/2005 5 -4 0.00 
1/21/2005 13 -3 0.00 
1/22/2005 14 1 0.00 
1/23/2005 6 -7 Tr 
1/24/2005 3 -11 0.00 
1/25/2005 9 -10 0.00 
1/26/2005 16 -1 0.00 
1/27/2005 21 1 0.00 
1/28/2005 12 -1 0.00 
1/29/2005 2 -4 0.00 
1/30/2005 0 -1 0.30 
1/31/2005 3 -1 0.00 
2/1/2005 9 2 0.00 
2/2/2005 11 2 0.00 
2/3/2005 3 1 0.41 
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Date Temperature (°C) Precipitation 
 Max Min cm 
2/4/2005 6 -2 0.01 
2/5/2005 15 -3 0.00 
2/6/2005 17 0 0.00 
2/7/2005 16 0 0.00 
2/8/2005 17 4 0.00 
2/9/2005 18 12 0.01 
2/10/2005 14 4 0.02 
2/11/2005 9 -6 0.00 
2/12/2005 11 2 0.00 
2/13/2005 18 3 0.00 
2/14/2005 10 5 0.02 
2/15/2005 10 6 0.10 
2/16/2005 15 7 0.00 
2/17/2005 21 5 0.00 
2/18/2005 13 1 0.00 
2/19/2005 13 -2 0.00 
2/20/2005 14 5 0.00 
2/21/2005 8 6 0.25 
2/22/2005 14 6 0.54 
2/23/2005 23 2 0.00 
2/24/2005 22 9 0.20 
2/25/2005 10 4 0.00 
2/26/2005 13 -1 0.00 
2/27/2005 14 3 0.00 
2/28/2005 7 4 0.16 
3/1/2005 7 1 Tr 
3/2/2005 6 -3 0.00 
3/3/2005 12 -2 0.00 
3/4/2005 14 -3 0.00 
3/5/2005 17 0 0.00 
3/6/2005 18 2 0.00 
3/7/2005 18 3 0.00 
3/8/2005 21 6 0.22 
3/9/2005 9 -1 0.00 
3/10/2005 9 1 0.00 
3/11/2005 13 4 0.00 
3/12/2005 14 4 0.00 
3/13/2005 23 6 0.00 
3/14/2005 24 9 0.21 
3/15/2005 13 4 0.00 
3/16/2005 14 5 0.22 
3/17/2005 6 2 0.09 
3/18/2005 6 -2 0.01 
3/19/2005 14 -1 0.00 
3/20/2005 16 2 0.00 
3/21/2005 21 4 0.00 
3/22/2005 16 8 0.00 
3/23/2005 12 8 0.48 
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Date Temperature (°C) Precipitation 
 Max Min cm 
3/24/2005 21 8 0.00 
3/25/2005 22 7 0.00 
3/26/2005 24 10 0.00 
3/27/2005 24 13 0.04 
3/28/2005 17 9 1.11 
3/29/2005 11 8 0.00 
3/30/2005 26 8 0.00 
3/31/2005 26 12 0.04 
4/1/2005 19 12 0.30 
4/2/2005 18 9 0.03 
4/3/2005 11 8 0.00 
4/4/2005 21 8 0.00 
4/5/2005 26 8 0.00 
4/6/2005 27 8 0.00 
4/7/2005 24 11 0.04 
4/8/2005 19 13 0.22 
4/9/2005 18 13 0.04 
4/10/2005 23 8 0.00 
4/11/2005 25 11 0.00 
4/12/2005 26 13 Tr 
4/13/2005 20 9 0.28 
4/14/2005 14 6 0.02 
4/15/2005 19 6 0.00 
4/16/2005 21 6 0.00 
4/17/2005 21 2 0.00 
4/18/2005 23 7 0.00 
4/19/2005 27 9 0.00 
4/20/2005 28 12 0.00 
4/21/2005 27 9 0.00 
4/22/2005 28 11 Tr 
4/23/2005 26 13 0.23 
4/24/2005 17 3 0.00 
4/25/2005 13 2 0.00 
4/26/2005 19 7 0.00 
4/27/2005 12 7 0.18 
4/28/2005 18 3 0.00 
4/29/2005 21 6 0.01 
4/30/2005 24 13 0.00 
5/1/2005 21 9 0.17 
5/2/2005 23 5 0.00 
5/3/2005 22 8 0.00 
5/4/2005 20 4 0.00 
5/5/2005 22 10 0.00 
5/6/2005 16 11 0.00 
5/7/2005 23 8 0.00 
5/8/2005 26 11 0.00 
5/9/2005 29 12 0.00 
5/10/2005 29 14 0.00 
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Date Temperature (°C) Precipitation 
 Max Min cm 
5/11/2005 28 11 0.04 
5/12/2005 28 13 0.00 
5/13/2005 31 16 0.00 
5/14/2005 28 16 0.00 
5/15/2005 27 17 0.40 
5/16/2005 21 11 0.04 
5/17/2005 24 13 0.00 
5/18/2005 27 16 0.00 
5/19/2005 27 16 0.00 
5/20/2005 28 15 0.68 
5/21/2005 24 13 0.19 
5/22/2005 24 16 0.00 
5/23/2005 26 16 0.00 
5/24/2005 29 16 0.00 
5/25/2005 27 8 0.00 
5/26/2005 23 11 0.00 
5/27/2005 27 12 0.00 
5/28/2005 29 13 0.00 
5/29/2005 27 11 Tr 
5/30/2005 24 15 0.08 
5/31/2005 21 14 0.02 
6/1/2005 24 15 0.13 
6/2/2005 17 13 0.78 
6/3/2005 18 15 0.01 
6/4/2005 19 17 0.02 
6/5/2005 30 18 0.00 
6/6/2005 32 19 0.00 
6/7/2005 33 18 0.00 
6/8/2005 31 20 0.55 
6/9/2005 29 21 0.10 
6/10/2005 29 21 0.00 
6/11/2005 29 21 0.03 
6/12/2005 27 21 0.07 
6/13/2005 29 22 0.71 
6/14/2005 31 19 0.00 
6/15/2005 33 21 0.00 
6/16/2005 33 17 0.00 
6/17/2005 31 17 0.00 
6/18/2005 28 17 0.00 
6/19/2005 29 17 0.19 
6/20/2005 28 15 0.43 
6/21/2005 26 15 0.12 
6/22/2005 28 17 0.00 
6/23/2005 31 18 0.00 
6/24/2005 31 17 0.00 
6/25/2005 31 18 0.00 
6/26/2005 29 20 0.01 
6/27/2005 26 20 0.11 
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Date Temperature (°C) Precipitation 
 Max Min cm 
6/28/2005 31 21 0.39 
6/29/2005 29 21 0.16 
6/30/2005 31 21 0.00 
7/1/2005 32 23 0.13 
7/2/2005 32 20 0.01 
7/3/2005 32 20 0.07 
7/4/2005 28 21 0.21 
7/5/2005 29 21 0.03 
7/6/2005 32 21 0.00 
7/7/2005 28 20 1.22 
7/8/2005 26 18 0.02 
7/9/2005 29 19 0.00 
7/10/2005 32 20 0.00 
7/11/2005 29 22 0.10 
7/12/2005 30 22 0.24 
7/13/2005 31 21 0.04 
7/14/2005 31 21 0.02 
7/15/2005 31 22 0.00 
7/16/2005 31 21 0.06 
7/17/2005 30 22 0.04 
7/18/2005 33 22 0.00 
7/19/2005 33 22 0.00 
7/20/2005 33 21 0.01 
7/21/2005 33 22 0.00 
7/22/2005 33 21 0.03 
7/23/2005 34 20 0.01 
7/24/2005 34 20 0.01 
7/25/2005 32 22 0.00 
7/26/2005 34 23 0.00 
7/27/2005 36 22 0.00 
7/28/2005 35 23 0.00 
7/29/2005 33 21 0.20 
7/30/2005 24 21 1.14 
7/31/2005 27 21 0.00 
8/1/2005 28 22 0.00 
8/2/2005 29 19 0.00 
8/3/2005 31 19 0.00 
8/4/2005 33 21 0.00 
8/5/2005 34 21 0.00 
8/6/2005 33 21 0.04 
8/7/2005 31 21 0.08 
8/8/2005 24 20 0.30 
8/9/2005 27 21 0.30 
8/10/2005 31 21 0.01 
8/11/2005 32 21 0.00 
8/12/2005 32 21 0.00 
8/13/2005 33 21 0.00 
8/14/2005 33 21 0.00 
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 Max Min cm 
8/15/2005 33 21 0.00 
8/16/2005 34 22 0.00 
8/17/2005 34 21 0.00 
8/18/2005 34 21 0.00 
8/19/2005 31 20 0.26 
8/20/2005 33 22 0.09 
8/21/2005 35 21 0.00 
8/22/2005 36 21 0.39 
8/23/2005 33 20 0.00 
8/24/2005 31 22 0.01 
8/25/2005 29 22 0.00 
8/26/2005 29 19 0.00 
8/27/2005 29 18 0.00 
8/28/2005 31 21 0.00 
8/29/2005 32 22 0.00 
8/30/2005 31 24 0.06 
8/31/2005 31 22 0.00 
9/1/2005 32 18 0.00 
9/2/2005 31 18 0.00 
9/3/2005 32 19 0.00 
9/4/2005 31 16 0.00 
9/5/2005 31 18 0.00 
9/6/2005 29 18 0.00 
9/7/2005 28 17 0.00 
9/8/2005 29 15 0.00 
9/9/2005 31 14 0.00 
9/10/2005 31 13 0.00 
9/11/2005 31 17 0.00 
9/12/2005 29 14 0.00 
9/13/2005 31 16 0.00 
9/14/2005 33 18 0.00 
9/15/2005 32 18 0.00 
9/16/2005 34 19 0.00 
9/17/2005 31 19 0.00 
9/18/2005 33 16 0.00 
9/19/2005 32 15 0.00 
9/20/2005 33 17 0.00 
9/21/2005 33 18 0.00 
9/22/2005 33 20 0.00 
9/23/2005 32 18 0.00 
9/24/2005 32 17 0.00 
9/25/2005 32 21 0.00 
9/26/2005 30 21 0.00 
9/27/2005 26 19 0.00 
9/28/2005 31 16 0.00 
9/29/2005 27 21 0.26 
9/30/2005 29 17 0.00 
10/1/2005 23 17 0.00 
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 Max Min cm 
10/2/2005 29 17 0.00 
10/3/2005 27 17 0.00 
10/4/2005 28 16 0.00 
10/5/2005 29 18 0.00 
10/6/2005 26 20 0.35 
10/7/2005 22 19 0.51 
10/8/2005 24 21 0.26 
10/9/2005 29 18 0.00 
10/10/2005 25 18 Tr 
10/11/2005 23 17 0.00 
10/12/2005 26 16 0.00 
10/13/2005 26 17 0.00 
10/14/2005 24 13 0.00 
10/15/2005 28 11 0.00 
10/16/2005 27 9 0.00 
10/17/2005 24 6 0.00 
10/18/2005 23 7 0.00 
10/19/2005 28 12 0.00 
10/20/2005 29 14 0.00 
10/21/2005 29 13 0.00 
10/22/2005 27 14 0.00 
10/23/2005 23 4 0.00 
10/24/2005 21 7 0.00 
10/25/2005 16 6 0.00 
10/26/2005 15 1 0.00 
10/27/2005 17 1 0.00 
10/28/2005 17 1 0.00 
10/29/2005 18 2 0.00 
10/30/2005 18 2 0.00 
10/31/2005 22 2 0.00 
11/1/2005 22 6 0.00 
11/2/2005 23 7 0.00 
11/3/2005 23 2 0.00 
11/4/2005 22 4 0.00 
11/5/2005 24 10 0.00 
11/6/2005 24 10 0.00 
11/7/2005 24 12 0.01 
11/8/2005 26 6 0.00 
11/9/2005 27 12 0.00 
11/10/2005 27 14 0.00 
11/11/2005 21 -1 0.00 
11/12/2005 17 -1 0.00 
11/13/2005 19 4 0.00 
11/14/2005 22 14 0.00 
11/15/2005 25 14 0.00 
11/16/2005 21 17 0.04 
11/17/2005 20 -2 0.01 
11/18/2005 13 -4 0.00 
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 Max Min cm 
11/19/2005 11 -4 0.00 
11/20/2005 14 7 0.02 
11/21/2005 14 8 0.15 
11/22/2005 13 6 0.97 
11/23/2005 11 1 0.00 
11/24/2005 10 2 0.00 
11/25/2005 19 3 0.00 
11/26/2005 13 -2 0.00 
11/27/2005 15 6 0.00 
11/28/2005 11 7 0.02 
11/29/2005 19 12 0.26 
11/30/2005 18 0 0.01 
12/1/2005 16 -1 0.00 
12/2/2005 13 -1 0.00 
12/3/2005 12 -2 0.00 
12/4/2005 6 2 0.24 
12/5/2005 18 9 0.60 
12/6/2005 11 -2 0.00 
12/7/2005 11 -4 0.00 
12/8/2005 12 3 0.00 
12/9/2005 6 1 0.27 
12/10/2005 11 -4 0.00 
12/11/2005 13 2 0.00 
12/12/2005 11 1 0.00 
12/13/2005 13 -2 0.00 
12/14/2005 11 -1 0.00 
12/15/2005 2 -1 0.46 
12/16/2005 1 -2 0.28 
12/17/2005 9 0 0.00 
12/18/2005 8 3 0.00 
12/19/2005 13 -3 0.00 
12/20/2005 14 -3 0.00 
12/21/2005 10 -5 0.00 
12/22/2005 9 -7 0.00 
12/23/2005 11 -6 0.00 
12/24/2005 14 -5 0.00 
12/25/2005 13 -2 0.16 
12/26/2005 12 4 0.01 
12/27/2005 13 -3 0.00 
12/28/2005 19 3 0.00 
12/29/2005 10 6 0.11 
12/30/2005 13 -2 0.00 
12/31/2005 14 2 0.01 
1/1/2006 15 -2 0.00 
1/2/2006 17 8 0.09 
1/3/2006 11 9 0.38 
1/4/2006 16 0 0.00 
1/5/2006 16 3 0.00 
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 Max Min cm 
1/6/2006 19 1 0.00 
1/7/2006 11 -4 0.00 
1/8/2006 10 3 0.00 
1/9/2006 17 7 0.00 
1/10/2006 21 6 0.00 
1/11/2006 20 12 0.20 
1/12/2006 18 3 0.05 
1/13/2006 19 6 0.00 
1/14/2006 16 3 0.26 
1/15/2006 7 -2 0.00 
1/16/2006 14 6 0.00 
1/17/2006 13 9 0.04 
1/18/2006 18 1 0.20 
1/19/2006 10 -1 0.00 
1/20/2006 17 -2 0.00 
1/21/2006 16 8 0.09 
1/22/2006 14 11 0.02 
1/23/2006 11 3 0.04 
1/24/2006 8 7 0.18 
1/25/2006 17 7 0.00 
1/26/2006 13 -5 0.00 
1/27/2006 13 -3 0.00 
1/28/2006 10 -3 0.11 
1/29/2006 16 6 0.02 
1/30/2006 18 3 0.00 
1/31/2006 18 5 0.01 
2/1/2006 15 -3 0.00 
2/2/2006 11 -2 0.00 
2/3/2006 13 6 0.13 
2/4/2006 19 9 0.00 
2/5/2006 15 0 0.07 
2/6/2006 8 1 0.00 
2/7/2006 6 0 0.17 
2/8/2006 14 -3 0.00 
2/9/2006 11 0 0.00 
2/10/2006 10 -4 0.00 
2/11/2006 11 2 0.14 
2/12/2006 7 0 0.03 
2/13/2006 6 -4 0.00 
2/14/2006 7 -1 0.00 
2/15/2006 15 -2 0.00 
2/16/2006 17 2 0.00 
2/17/2006 21 3 0.00 
2/18/2006 20 7 0.00 
2/19/2006 9 0 0.04 
2/20/2006 5 2 0.00 
2/21/2006 9 3 0.00 
2/22/2006 18 8 0.00 
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 Max Min cm 
2/23/2006 16 9 0.14 
2/24/2006 16 5 0.00 
2/25/2006 19 2 0.00 
2/26/2006 9 4 0.06 
2/27/2006 12 -5 0.00 
2/28/2006 14 -3 0.00 
3/1/2006 21 4 0.00 
3/2/2006 24 12 0.00 
3/3/2006 22 8 0.00 
3/4/2006 18 -3 0.00 
3/5/2006 17 -3 0.00 
3/6/2006 17 7 0.00 
3/7/2006 21 1 0.00 
3/8/2006 16 0 0.00 
3/9/2006 19 3 0.00 
3/10/2006 20 7 0.10 
3/11/2006 25 12 0.01 
3/12/2006 24 12 0.00 
3/13/2006 28 12 0.00 
3/14/2006 22 15 0.00 
3/15/2006 18 3 0.00 
3/16/2006 19 5 0.00 
3/17/2006 19 6 0.00 
3/18/2006 23 3 0.00 
3/19/2006 17 3 0.00 
3/20/2006 16 5 0.00 
3/21/2006 8 3 0.61 
3/22/2006 13 2 0.00 
3/23/2006 15 1 0.00 
3/24/2006 11 4 0.00 
3/25/2006 11 2 0.00 
3/26/2006 12 -1 0.00 
3/27/2006 14 -2 0.00 
3/28/2006 16 4 0.00 
3/29/2006 13 5 0.00 
3/30/2006 22 9 0.00 
3/31/2006 24 12 0.00 
4/1/2006 24 14 0.07 
4/2/2006 28 9 0.00 
4/3/2006 28 9 0.06 
4/4/2006 27 5 0.00 
4/5/2006 23 8 0.00 
4/6/2006 26 3 0.00 
4/7/2006 24 10 0.00 
4/8/2006 28 14 0.27 
4/9/2006 21 3 0.01 
4/10/2006 20 2 0.27 
4/11/2006 22 3 0.00 
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 Max Min cm 
4/12/2006 24 6 0.00 
4/13/2006 23 9 0.00 
4/14/2006 29 11 0.00 
4/15/2006 31 16 0.00 
4/16/2006 32 17 0.00 
4/17/2006 29 17 0.00 
4/18/2006 32 14 0.00 
4/19/2006 24 12 0.00 
4/20/2006 23 13 0.09 
4/21/2006 26 14 0.16 
4/22/2006 26 16 0.35 
4/23/2006 24 12 0.01 
4/24/2006 29 12 0.00 
4/25/2006 29 14 0.00 
4/26/2006 30 15 0.00 
4/27/2006 25 14 0.31 
4/28/2006 24 8 0.00 
4/29/2006 24 8 0.00 
4/30/2006 18 11 0.00 
5/1/2006 24 12 0.00 
5/2/2006 23 7 0.00 
5/3/2006 26 17 0.00 
5/4/2006 29 11 0.00 
5/5/2006 28 16 0.00 
5/6/2006 27 14 0.13 
5/7/2006 28 17 0.00 
5/8/2006 18 11 0.08 
5/9/2006 19 12 0.00 
5/10/2006 20 12 0.00 
5/11/2006 23 15 0.00 
5/12/2006 24 9 0.01 
5/13/2006 21 7 0.00 
5/14/2006 24 14 0.00 
5/15/2006 24 9 0.00 
5/16/2006 22 9 0.00 
5/17/2006 23 8 0.00 
5/18/2006 24 12 0.00 
5/19/2006 26 9 0.00 
5/20/2006 26 14 0.04 
5/21/2006 28 17 0.51 
5/22/2006 27 18 0.01 
5/23/2006 28 14 0.00 
5/24/2006 28 12 0.00 
5/25/2006 30 13 0.00 
5/26/2006 32 15 0.21 
5/27/2006 30 19 0.69 
5/28/2006 32 19 0.00 
5/29/2006 31 18 0.00 
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 Max Min cm 
5/30/2006 32 18 0.00 
5/31/2006 33 18 0.00 
6/1/2006 32 18 0.00 
6/2/2006 32 20 0.02 
6/3/2006 31 19 0.70 
6/4/2006 28 13 0.00 
6/5/2006 28 12 0.09 
6/6/2006 26 11 0.00 
6/7/2006 29 12 0.00 
6/8/2006 30 16 0.00 
6/9/2006 31 14 0.00 
6/10/2006 32 17 0.00 
6/11/2006 35 20 0.00 
6/12/2006 34 20 0.00 
6/13/2006 33 18 0.15 
6/14/2006 23 17 0.09 
6/15/2006 32 16 0.00 
6/16/2006 31 16 0.00 
6/17/2006 31 15 0.00 
6/18/2006 31 16 0.00 
6/19/2006 31 16 0.00 
6/20/2006 32 18 0.00 
6/21/2006 36 18 0.00 
6/22/2006 36 19 0.00 
6/23/2006 37 21 0.00 
6/24/2006 35 20 0.65 
6/25/2006 32 21 0.00 
6/26/2006 30 21 0.75 
6/27/2006 26 19 1.41 
6/28/2006 32 18 0.00 
6/29/2006 31 18 0.00 
6/30/2006 32 17 0.00 
7/1/2006 32 18 0.00 
7/2/2006 33 19 0.06 
7/3/2006 34 19 0.00 
7/4/2006 35 20 0.00 
7/5/2006 35 22 0.08 
7/6/2006 29 21 0.09 
7/7/2006 29 18 0.00 
7/8/2006 27 16 0.00 
7/9/2006 28 16 0.00 
7/10/2006 30 20 0.00 
7/11/2006 33 19 0.00 
7/12/2006 33 21 0.00 
7/13/2006 34 22 0.00 
7/14/2006 34 21 0.01 
7/15/2006 34 22 0.00 
7/16/2006 36 22 0.00 
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 Max Min cm 
7/17/2006 34 19 0.00 
7/18/2006 34 19 0.00 
7/19/2006 35 20 0.00 
7/20/2006 37 22 0.00 
7/21/2006 35 21 0.00 
7/22/2006 35 21 0.03 
7/23/2006 33 21 0.12 
7/24/2006 31 20 0.00 
7/25/2006 31 21 0.46 
7/26/2006 32 20 0.00 
7/27/2006 34 22 0.00 
7/28/2006 35 21 0.00 
7/29/2006 36 23 0.00 
7/30/2006 31 21 0.01 
7/31/2006 34 21 0.00 
8/1/2006 36 22 0.00 
8/2/2006 38 23 0.00 
8/3/2006 38 24 0.04 
8/4/2006 36 22 0.14 
8/5/2006 37 22 0.00 
8/6/2006 33 23 0.00 
8/7/2006 33 22 0.00 
8/8/2006 37 23 0.00 
8/9/2006 37 21 0.00 
8/10/2006 36 22 0.00 
8/11/2006 36 22 0.00 
8/12/2006 32 19 0.19 
8/13/2006 24 18 0.00 
8/14/2006 29 19 0.00 
8/15/2006 32 21 0.00 
8/16/2006 34 21 0.28 
8/17/2006 32 22 0.00 
8/18/2006 31 18 0.00 
8/19/2006 32 18 0.00 
8/20/2006 33 21 0.00 
8/21/2006 34 20 0.00 
8/22/2006 33 21 0.00 
8/23/2006 33 20 0.37 
8/24/2006 31 22 0.00 
8/25/2006 31 19 0.00 
8/26/2006 32 17 0.00 
8/27/2006 32 18 0.00 
8/28/2006 33 18 0.00 
8/29/2006 34 23 0.00 
8/30/2006 35 22 0.00 
8/31/2006 35 22 0.02 
9/1/2006 30 20 0.00 
9/2/2006 29 19 0.44 
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 Max Min cm 
9/3/2006 28 21 0.00 
9/4/2006 29 21 0.00 
9/5/2006 31 21 0.00 
9/6/2006 27 18 0.49 
9/7/2006 29 18 0.00 
9/8/2006 26 17 0.00 
9/9/2006 29 17 0.00 
9/10/2006 28 17 0.00 
9/11/2006 31 17 0.00 
9/12/2006 28 17 0.00 
9/13/2006 24 16 0.30 
9/14/2006 18 16 0.37 
9/15/2006 27 14 0.00 
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